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INTRODUCTION 

Although Optics is one of the oldest of the sciences, it has 
been pursued mainly for its theoretical interest, and until com- 
paratively recently spectacles, the telescope and the microscope 
may be said to have been its only outcome of commercial impor- 
tance. But in the last fifty years the development of photography, 
the improvement in the microscope following upon the work of 
Abbe and his successors, the invention of three-colour reproduc- 
tion, and the introduction of the coal-tar products into textile 
dyeing, have created problems of great and increasing importance. 
Those problems have, of course, arisen in the factories, and 
although manufacturers have frequently appointed distinguished 
mathematicians and men of science as experts to deal with them, 
these have — partly perhaps through trade jealousy — in the main 
worked independently, and only occasionally published any of 
their results. 

Meanwhile the treatment of Optics in most of our colleges, so 
far as it goes beyond the elementary notions, deals with it either 
as a framework upon which to hang pretty mathematical problems, 
or else deals with the fascinating, but comparatively non-practical 
questions of Physical Optics, such as interference, polarisation 
anomalous dispersion, etc. For these reasons I have found the 
chapters , to, which I attach the greatest importance upon the 
Compound I^ns, the Microscope, and upon Colour, the most 
difficult to write, and I realise that they are still far from complete. 

There can be no doubt that it is to the 'advantage of the optical 
industry both that the difficulties which manufacturers find should 
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be known to those whom scientific training may assist in their 
solution, and also that the experimental methods which have been 
adopted by individual manufacturers should be known to each 
other, as well as to those whose interest may be chiefly theoretical. 
I feel, therefore, no need to apologise for having treated the Com- 
pound Lens and Colour Measurement more fully than usual, but 
on the contrary, in order that the book may be made as useful as 
possible, I should be deeply grateful to any who have practical 
methods of dealing with the many problems in these connections, 
if they would give me an opportunity of learning them. 

I shall also be glad if any one finding mistakes will send me a 
note of them for future correction. 

The greater portion of this book was already written some ten 
years ago, when I published the more elementary portions as 
PrcLctkal JSxerdses in Light, 

I am hopeful that this larger book may serve as something 
more than a mere text-book, and that it may help to interest 
some of the younger mathematicians in the experimental and 
practical side of a subject in which there is a large field for useful 
work. 

For those who have to deal with Optics commercially and wish 
to read the theory, I would recommend Edser’s Light (Macmillan) 
as an elementary text-book. This may be followed by SouthalFs 
L^rinciples and Methods of Geometrical Optics (Macmillan), a book 
giving to English readers a very clear exposition of the problems 
connected with the Compound Lens and their treatment by the 
modem German school, Dennis Taylor’s System of Optia is a 
valuable book for a lens computator, but is difficult to read, owing 
to his involved system of signs. 

I desire to thank Mr, Edser for permission to reproduce Fig. 280, 
the only illustration not specially drawn for the book. 

R. S. CLAY. 

Northern Polytechnic Institute, 

Holloway. 
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CHAPTER I 
PIN EXPERIMENTS 
Laws of EefLection of Light. 

Apparatus. — Drawing-board and paper, plane mirror, that can 
be supported in a vertical plane, about 3 inches brpad by i inch 
high, which must be of good glass — preferably “ patent plate ” 
(the great thickness of ordinary plate-glass is a disadvantage). 

I. Equality of Angles of fncidence and Reflection. — Draw a straight 
line, AB, on the paper. Stand the mirror on the paper so that 
its silvered surface is 
vertically over this line. 

Stick a pin, Q, in the 
paper close to the front 
surface of the mirror, 
and another, P, as far 
as the paper will allow 
distant from it in an 
oblique *direction. Look 
into the mirror along the 
line PQ joining these 
two pins so that the one, Q, nearest the mirror is hidden by the 
pin P. Without moving the head insert two more pins, R and 
S, one close to the surface of the mirror and one a long way off, 
in such positions that their images appear in the mirror along the 
continuation of the line PQ- 

C.L. 
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Fig, 2. — Law of Reflection. 


If the head be moved so as to look along the line SR, the 
images of Q and P will be found to appear on the continuation 
of the line SR. 

Remove the mirror, join PQ and SR, produce them to meet 
the line which coincided with the silvered surface of the mirror. 

They should intersect approximately at 
O on this line. With a set square 
draw a line, ON, through O perpen- 
dicular to AB. Then the angles PON, 
NOS should be equal. 

With O as centre, and a radius of 
about 12 cms., describe an arc of a 
circle cutting PO, ON, OS, in D, E, F. 

Measure the distances DE, EF with 
a millimetre scale. Copy this figure 
on a reduced scale in your notebook, and enter these distances. 
The equality of these distances will measure the accuracy with 
which the experiment has been performed. 

2 . £(|,ualiti7 of Distance of Image and Object from the Reflecting 
Surface. — {a) Sighting Method , — Draw a line, AB, upon the 
paper, and place the mirror so that this line may coincide with 
its silvered surface. About 6 cms. in 
front of the mirror place a pin, Q. To 
find the position of the image, of 
this pin, insert pins, Pj, Pg, in such 
positions that they seem in a line with 
this image, so , that looking along the 
line PjPg, the pin Pj appears to hide 
both Pg and the image of Q. In 
the same way, insert a pair of pins, 

Ps* ^ 4 * in some other direction. Remove the mirror, join P^Pg 
and P3P4, and produce these lines till they meet at q. Join ^Q. 
The line should be at right angles to AB and be bisected 
by it. Actually measure the distances of q and Q from this line 
and insert them in your notebook. 

Parallax Method . — Place the mirror and pin Q as before. 
Looking in the mirror nearly normally, with the eye at such a 
height that only the lower part of the image of Q is visible in the 



Fig. 3. —Position of Image. 
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mirrorj place a pin, Q', in the paper at the back of the mirror so 
that the upper part of this pin may seem to be a continuation of 
the image q of Q. Q' is evidently then on the line joining the 
eye and the image q ; it may be in front of or behind this image. 

To determine this, move the eye to the right as far as the 
mirror will allow. If Q' still appears to be the continuation of 
the image of Q it has been so placed as to coincide with q exactly ; 
but generally it will be found to separate from q* If it appears 



Fig. 4. — Position of Image by Parallax. The image of Q appears to the right of Q', 
and is therefore behind Q'. Q' is to be moved farther from the mirror. 


to have moved to the right of q {i,e. to have moved in the same 
direction as the eye has been moved), it is too far away from the 
mirror and must be brought a little nearer. By repeated trials 
a position for Q' will be found such that, wherever the eye be 
placed, the image of Q and pin Q' will appear to be continuous. 
If the distances of Q and Q' from the line AB be now measured, 
they should be found equal. Their actual lengths must be taken 
and entered in the notebook, in which a reduced drawing should 
be made, 

3 . Note on the Parallax Method. — We are accustomed to judge of the 
position of ordinary objects by two methods : firstly apparent size^ 
and secondly what we may ozSS. the stereoscopic method. In the first, 
knowing the actual size of the object, we are able by accumulated 
experience, very accurately to estimate the actual distance by the 
angle the object subtends at the eye ; i.e. by its apparent size. In the 
second method, if we can see the object with both eyes we can estimate 
its distance by the convergence of the axes of the eyes. 

In addition to these two methods, we can to some extent judge the 
distance by the change in the accommodatioft of the eye, and by 
observing its positio7i relative to that of objects at a known distance. 
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When, however, an image is formed by a lens or mirror, most of 
these methods fail us. As the lens or mirror is usually not large 
enough to allow the image to be seen simultaneously by both eyes, we 
are unable to judge of its position by the convergence of the axes, and 
for near objects this is probably the one upon which we mostly rely in 
our everyday experience. The size of the image being as a rule quite 
different from that of the object, it is obvious that we shall be unable 
to judge its distance by its apparent size, since we have no means of 
estimating it Indeed, as it is very difficult to dissociate the image 
from the object, the size of which we really know, the apparent size 
makes the distance of the image appear very different from its true 
distance and produces a powerful optical illusion ; an object seen 
through a concave lens, for instance, appears to be at a very much 
greater distance than it really is, since its apparent size is less than 
the size of the original ; and students frequently find it difficult to 
realize the fact that the image is really closer to them than the object. 
This illusion is so powerful that it more than neutralizes the estimate 
of the distance that should be furnished us by the accommodation of 
the eye. We are therefore left with only one method by which we 
can, without further apparatus, judge of the distance of the image — 
namely, its position relatively to other objects. It is this method 
which is referred to as the method of parallax. 

If an observer will stand in front of a window, and between him 
and the window there is some object such as a retort stand or hanging 
gas lamp, if he moves sideways, say to the left, he will find that the 
retort stand appears to move across the window in the opposite 
direction — ^namely, to the right. On the other hand, if he looks 
through the window at some object outside, and moves to the left, 
he will find that the object moves across the window in the same 
direction — ^namely, to the left. So that an object which is further 
from him than the window (outside it) will appear to move across the 
window in the same direction as this observer moves, to the left when 
he moves to the left, to the right when he moves to the right. Exactly 
the opposite occurs when the object is within the room, t.e. nearer to 
him than the window ; it moves across the window to the right when 
he moves to the left, and vice versa. 

To apply this, let us suppose that a lens is placed in front of some 
object — 2l convex lens, for instance, at a distance of 2 or 3 feet from a 
sheet of newspaper, or better still, a poster. Look into the lens from 
some little distance. An image of the poster will probably be visible 
in the lens. Sometimes it will be erect and at others inverted, depend- 
ing upon the focal length and the distance of the object. Thinking of 
this lens as a window, it is obvious that if the image is on the far side 
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of the lens, when the observer moves to the left, the image of the 
poster will move across the lens to the left also. Whilst if the image 
is on the observer's side of the lens, a movement of the observ^er to 
the left should cause it to appear to move across the lens to the right 
By observing whether the movement of the image of the poster across 
the lens is in the same direction as the obsen.’ers own movement, or 
whether it is in the opposite direction, he can therefore ascertain if 
the image is formed on the far side of the lens or on his side of 
the lens. 

Again, suppose there to be two objects at different distances outside 
the window, practically in a line with one another. If the obser\-er 



Fig. S' — Ej^eci of Parallax. When the observer has moved to the right, C and B, 
which are within the room, have moved across the window to the left ; A and B 
have moved to the right. C, which is further from the observer, has moved to the 
right of D (although both have moved to the left relatively to the window). 

moves to the left both of these will move across the window to the 
left, but it will be found that they no longer remain in line with one 
another — the further one moves to the left across the window by a 
greater amount than the nearer one, so that the further one moves to 
the left of the nearer one. 

If he tries this with objects within the room, say two retort stands, 
placed in a line between him and the window, when he moves to the 
left both retort stands will move across the window to the right, but 
they will not appear by equal amounts — the retort stand which is 
further from him moving less across the window to the right than the 
one nearer to him ; so that, considering the retort stands alone, the 
further retort stand is now apparently to the left of the nearer one. 
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Therefore, when we have two objects either without or within the 
room at different distances from the observer (and whether, therefore 
the objects appear to move across the window in the same direction 
as the observer or the opposite one), in all cases tLe further object of 
the two will appear to move, relatively to the nearer object, in the same 
direction as the observer. 

This rule should be firmly impressed on the memory. 

Laws of Refraction. 

Apparatus . — xA half plate cutting-shape,^ drawing-board, paper 
pins, and millimetre scale. 

4. The Ratio of the Sine of the Angle of Incidence to the Sine of the 
Angle of Refraction, for any one Medium, is a Constant, and is called the 
Refractive Index. — (<2) Draw a line on the paper and place the 



Fig. 6. — Refraction from a Glass Plate into Air. 


edge, AB, of the plate upon this line. Looking through the 
surface AB, in a line with a pin, E, observe the corner D, and 
place a pin, P, in such a position close to the edge AD, that the 
corner D, as seen through the block, may seem to be continued 
above the block by the pin P. Then the ray DE on emergence 
traverses along a line EF which is a continuation of the line PE. 

. ED 

The refractive index is the ratio -gp-: for by drawing the normal 
at E it is easy to see that the angles EPA and EDA are equal 


'The glass plate used by a photographer to trim his prints. It must have 
rectangular edges, one with bevelled edges will be useless. 
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to the angles of incidence and refraction, NEF and N'ED, re 
spectively, and therefore ^ 

AE 




sin / _ sin EPA 
sin r sin EDA 


ED 


ED 

EP’ 


\ 


\ V 


\ V 





E 




n\ 

V 


N 


Repeat the experiment with 
the pin E a different position, 

ED 

and again find the ratio ; 

lifr 

see that the two values of /x 
are the same, or nearly so. 

Copy the figures in your 
notebook on a reduced scale, 
and fill in the distances you measure. 

{b) Draw a line on the paper and place the edge AB of the 
block over it. Close to the edges CD and AB insert pins P and 
Q so that the line PQ may be oblique to the face AB. Hold- 
ing the head down so that P is seen through the block and 


Fig. 7. — Refractive Index of a Glass Plate. 



Fig. 8. — Refraction through a Glass Plate. 


closing one eye, place yourself in such a position that the pin Q 
is in a line with (and therefore covers) the image of P as seen 
through the glass. (To make sure that beginners are really 
viewing the pin P through the block, it is helpful to put a piece 
of wood on the upper surface of the glass, so that the pin P 
can only be seen through the glass itself. To make sure that 
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the student is looking at P, and not at the image of one of the 
corners, C or D, the pin may be rocked slightly and the student 
told to observe that its image, at which he is looking, moves 
also.) Now insert at a distance of lo or 12 cms. a third pin, R, 
so that it may appear in a line with Q and this image of P. 

Remove the block, draw the normal MM'. With Q as centre, 
describe a circle of about 8 cms. radius, cutting QP, QR in K 
and L. Drop perpendiculars^KM', LM, 
and measure their lengths. 

The refractive index, is given by 
LM 
KM'* 

Replace the block, and the pin Q, 
and repeat the experiment for a new 
position of R. See that the value of /a 
now obtained agrees with the former 
one. 

Copy the figure about one-third size in your notebook, and 
insert the actual lengths found for KM', LM, in each case. 



Fig. 9. — Refractive Index. 


5. When a Ray of Light passes 
phli<inely through a Bloch of Glass 
with Parallel Sides, the Incident and 
Emergent Rays will be Parallel. — 

Place the block of glass on 
paper, and run a fine pencil line 
along the surfaces AB‘, CD. In- 
sert the pins P, Q, R, as directed 
in the last experiment Then 
looking in through the other side 
of the block, insert another pin 
in S, so that S, P, Q seem in a 
line. Remove the block, pro- 
duce the line SP, and drop 
perpendiculars on it from Q 
and R. 

Measure these perpendiculars : they should be equal. 

Make a reduced copy of the figure in your notebook, and 
insert the actual lengths of the lines. 



Fig. to. — Path of a Ray through a Parallel 
Glass Plate. 
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Refaction Experiments witli a Prism. 

Apparatus . — Glass prism, ^ drawing board, paper, pins, scale, 
and protractor. 

6. Symmetrical Refraction. — Place the prism on the paper, and 
with a fine pencil draw a line along the edges AB and AC. 



Fig. 1 1.— Refraction through a Prism. 


Remove the prism for a moment, and insert pins at P and Q, 
so that the triangle APQ may be roughly isosceles. Replace 
the prism, seeing that its edges exactly coincide once more 
with the lines AB, AC. Looking in the prism in the direction 
RP with one eye closed, place yourself so that P is in line with 



Fig. t 2. — Refraction through a Prism. 


the image of Q, and insert a pin, R, as far from P as the paper 
will allow. Then, looking in the direction SQ, insert another 
pin to appear in a line with Q and the image of P as seen 
through the prism. Remove the prism. Join the pins R, P, by 

^ Lai'ge prisms of about 3-inch face can be obtained at a low price for this 
experiment from Messrs. Pye and Co., Mill Lane, Cambridge. 
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a line, and produce this line to F, cutting .the line AB at D. In 
the same way join S, Q, by a line, and produce it to meet the 
other one at O, cutting the surface AC at E, 

Measure the angle FOS. 

If we imagine the ray to be incident along the line RP, it 
passes through the prism in the direction DE and emerges 
along ES. If the prism had not been there, this same ray 
would have proceeded along OF ; thus, the prism has bent the 
ray from the direction OF to the direction OS, and the angle 
FOS measures the deviation which the prism has produced. 

Find this angle with the protractor, and also the angle BAG. 
Copy the figure into your notebook, and enter the magnitudes 
of these angles. 

Observe that, when looking along SQ to insert the pin S, the 
image of R, seen in the distance, appears somewhat indistinct 
and coloured on emergence, blue on one side and red on the 
other. This is because the blue and red rays are unequally 
bent by the prism. It is on this account that you are advised 
to insert S looking along the line SQ, instead of along' the 
line RP ; for it is difficult to say exactly where S should be placed 
if it is observed through the prism. 


7. The Path tlirougli a Prism of a Ray whicli lias toeen internally 
reflected. — Begin by drawing the lines AB, AC, and BC, and 



Fig. 13. — Reflection in a Prism. 


insert the pins P and Q as in the last experiment Looking in 
the direction RP, an image of Q will be seen which has been 
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brmed by reflection’ at the surface BC. That it is the image of 
3 can be verified by slightly rocking the pin, when the image 
vill be seen to move also. Insert the pin R as far from P as 
possible to appear in a line with P and this image. In the 
same way, the pin S may be inserted by looking along the line 
SQ. But as it will be found that S is not coloured this time 
it may be equally well inserted by looking along RP. 

[If two students are working together on this experiment, one 
may look in the direction RP and the other in the direction SQ ; 
thus they may check each other.] 



fiG. 14. —Reflection in a Prism. 


Remove the block, join RP and produce it to meet AB in D, 
and SQ to meet AC in E. To obtain the direction of the 
ray DFE in the block, we must remember that it has been 
regularly reflected at F, and therefore that the image of any point 
such as E will be formed at E' at an equal distance on the other 
side of BC. Therefore drop a perpendicular EM and produce it, 
making ME' = ME. Join DE' cutting BC at F. Join FE. 
Then EFD is the path of the ray in the prism. 

8. Detennination of tlie Angle of a Prism. — The following experi- 
ment, although not giving good results, is useful as illustrating 
the method which is used for determining the angle with the 
spectrometer. 

Place the prism on the paper and draw the lines AB and AC 
Insert the pin P as far away from A as possible (on a separat( 
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block at a distance) so that the line PA is approximately equally 
inclined to AB and AC ; and as far away as possible insert a pin, 
Q, in such a position that looking along the line QA the image 
of P in the surface BA may be formed as close as possible to the 
angle A ; that is, so that the pin Q and the image P' may be on 



Fig. 15. — ^Angle of a Prism. 


the line passing through the corner A. In the same way insert 
the pin R so that the image of P formed in the surface AC may 
be as near the corner A as possible. 

Remove the prism. Join PA, QA, RA. , The angle QAR will 
be double the angle of the prism BAC. 

To prove this, produce the line PA to L. Then, as the lines 
AP and AQ are equally inclined to the surface AB, 

L LAB == L B AQ, 

and therefore^ ^ LAQ = twice l LAB. 
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In the same way i.LAR = tmce i-LAC, so that ^QAR= twice 
Z-BAC 

Copy the figure in your note- 
book on a reduced scale, and 
insert the actual values as found 
by the protractor of the angles 
QAR and BAG. 


Caustic by Refraction at a 
Plane Surface. 

^ Apparatus, — A half plate cut- 
ting-shape ^ with rectangular 
edges, a drawing-board, pins, 
and set square. 

9. Lay the plate down flat on a 

piece of drawing paper and draw Fig. 16. — Caustic by Refraction at a Plane 
a line along one edge of the Surface. 

glass. Place a pin, P, against the opposite long edge near 

one comer. Looking 
through the block at this 
pin, place two pins to 
appear in a line with it, 
one, Rj, close to the 
glass, and the other, Sj, 
at a distance of about 
10 cms. In the same 
way place a series of 
pins, Ra, R3, R4, R5, ... 
along the front edge 
of the block, with 
another series of pins, Sg, 
S3, S4, S5, ... each at 
about a distance of lo cms., so that the pins appear in pairs 
to be in a line with the one seen through the block. 

iThe glass shapes used by photographers to trim their prints (they sometimes 
have bevelled edges, hut these would be useless for this experiment). 
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Remove the block and join each pair by a line, producing 
each line until it meets its , neighbouring one. Draw a curve 
to touch all these lines and having its apex at the apparent 
position of the first pin when seen normally through the 
glass. This curve is the caustic^ or rather is one half of it, 
the other half being on the other side of the normal line OP, 
and being similar. 


Befiection at a Curved Surface. 

Apparatus . — A cylindrical mirror (the makers of the glass 
shades used to cover wax flowers, etc., will cut a ring from the 
bottom of such a shade for a few pence) ; one from a shade of 
about 6 inches in diameter will be most useful. It should be 
then cut in halves, making two semicircular rings ; one of these 
must be silvered ^ on the inner and the other on the outer surface, 
the silver, of course, being protected by varnish. These rings 
are very fairly circular and give good results. Drawing-board; 
pins ; and scale. 

lo. Convex Surface. — Place the convex semicircular piece of glass 
on the drawmg-paper and run a pencil round its silvered surface. 
Place a pin, P, about 2 inches from its surface, and looking in 
the mirror, insert pairs of pins, QiRi, 0,2^2 f -••to appear in a 
line with P as seen in the mirror. Remove the mirror, join the 
points QiRi, Q2R2> produce the lines until they meet. 
Draw a curve to touch all these lines. This curve is called 
the caustic. 

The lines such as Q4R4, QsRs, ... which are near the pin P, 
will be found to meet one another nearly at the same point, S. 
This point is called the image of P. It is obvious that S is only 
the image of P for light incident nearly normally on the surface, 
as the lines, such as QiRj, which are at some distance from P, do 
not pass through S. In the determination of the formula giving 


iSee Appendix i, It is, however, sufficient to black the semicircles with some 
black varnish, one on the outer and one on the inner surface, as the images of the 
pins can be quite easily seen against the black, though of course not nearly so well 
as in a silvered mirror. 
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the position of S, it is always assumed that the light is incident 
nearly normally, and this experiment shows the reason for that 
assumption. 

The caustic will meet 
the circle at the point 
T, where the tangent 
from P touches it. 

II. Concave Surface. — 

(a) Place the concave 
semicircular piece of 
glass on the paper and 
insert a pin, P, at about 
I inch from the concave 
surface. Run a pencil 
line round the surface 
of the mirror. See that 
the mirror is just touch- 
ing the line and insert 
pairs of pins, QiPi, 

^ ^ • Fig. i 8.— Caustic formed by a Convex Mirror. 

Q2R2, ... to appear in a 

line with the image of P. Then, as in the last experiment, it 
will be found that the image S is behind the mirror for rays 
which are incident near the centre of the mirror. 

Instead of inserting the pins QiRj, Q2R.2, it is just as 
easy, and a great deal quicker, to place a scale upon the paper 

with its edge pointing to 
the image of P as seen in 
the mirror, and to run a 

- along the edge of the 

scale, thus obtaining in one 
\ j operation the same lines 

^ that will be produced finally 

by joining the pins QiRi, 

Fig. IQ.— Directions oi Rays from a point P after j ic nn tiqV 

^ Reflection in a Concave Mirror. 

of joining the wrong pairs 
of pins. Continue to draw these lines for rays incident at points 
of the mirror further and further distant from the centre. It will 
be found that at a certain distance from the centre the image 
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of the pin seems to broaden out and become indistinct; this 
is because the rays forming the image at this part of the mirror 
are, after reflection, almost parallel to one another, the image 
formed by those rays being at infinity. 

Still further from the centre the lines will be found to meet on 
the near side. Remove the mirror and produce those lines which 

meet behind the mirror. 



Notice the shape of the 
caustic, which has two 
branches as in Fig. 19, 
and that the image is 
only formed at S when 
the light is incident 
nearly normally. 

(^) Place P at a dis- 
tance of about 2 1 inches 
from the same mirror, 
and repeat. The image 
S will now be formed 


Fia. 30 .— _RayS from a pin P after Reflection in a 
Concave Mirror, They form a caustic of which the 
cusp S is the conjugate focus of P. 


on the other side of the 
centre of curvature of 
the surface ofthe mirror. 


Notice that in this case the point S is only the image for rays 
very nearly normal, and that those rays which are reflected 
from the extremities of the semicircular glass are a considerable 
distance from S. The distance of the reflected ray from S is 
called its aberration^ and the distance measured along the line 
joining S to P — the axis — is called the axial or longitudinal 
aberration or the spherical ahe 7 'ratio 7 i of the mirror. (Fig. 20.) 

{c) Place the pin P at about 6 inches from the surface, and 
repeat. 


(d) Place P at exactly 3 inches ^ from the surface, that is, at the 
centre of the circle. In this case it will be found that the lines 
joining the pairs of pins, Q^R^, Q2R2, ... always pass through 
P.^ There is therefore no aberration, and the image of P 
coincides with the pin itself. 


1 If the diameter of the mirror is 
suit it. ‘ 


not 6 inches, these distances must be altered to 
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12. Wave Surface. Apparatus , — As before: also set square, 
tracing paper, and drawing pins. 

Draw the rays as directed in Experiment, § ii (a). (The 
drawing made in that experiment may be used.) Pin a piece 
of tracing paper over the drawing and, starting from a point 
on the central reflected ray 
about J inch on the near 
surface of the mirror, draw 
a short line at right angles 
to that ray until it meets 
the next reflected ray, as in 
Fig. 21. Continue this line 
by a short line at right 
angles to the second ray 
until it meets the third re- 
flected ray. Again continue 
it by a line at right angles 
to this third ray until it 
meets the fourth ray, and 
so on, until the surface of 
the mirror is reached. Con- 
tinue the line in a similar 
manner on the other side 
of the centre until it again meets the mirror. This line indicates 
the position and shape of the reflected wave, after it has travelled 
back a short distance from the mirror. 

Beyond the point where this wave meets the mirror, the wave 
from the point P, not yet having reached the mirror, will still lie 
on a sphere whose centre is at P. Thus it may be continued a 
short way by describing arcs of circles with P as centre. 

In the same way draw wave surfaces which pass through points 
on the central ray at distances of i inch, 2 inches, 3 inches, etc., 
from the mirror. Note that these latter reflected waves have a 
curious cusp, as seen at D in Fig. 21. 

Course of the Bays re&acted throng a Curved Surface. 

13. Convex Surfiice. — Apparatus . — We shall require a glass ring 
cut from the bottom of a shade such as that already used as a 

C.L. B 



Fig. 21. —Five Wave Fronts of the Light reflected 
from a Concave Mirror. HK is a portion of the 
first wave from P that has not yet ^en reflected 
by the mirror ; similar portions of the next three 
waves are shown, they are arcs of circles of which 
the centre is at T. The concave portion oF' the 
second wave near A becomes concentrated at the 
point on the caustic where the wave through O 
meets it ; hence this third wave bends abruptly at 
the caustic. The part ECFbf the caustic belongs 
to the other half of the mirror. 
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cylindrical mirror (see page 14). Cement this on a circular 
glass plate, with Canada balsam, having first ground the edge 
with emery and turpentine. A convenient diameter for this 
trough will be about 6 inches. Stand two or three pins upright 
in small discs of sheet lead. These can then be placed anywhere 
within the trough. 

Place the trough upon the drawing-board and one pin within 
it about 2 inches from the edge. Pour water in to the depth of 
about half an inch, and looking through from without, place pairs 
of pins, one of each pair near the trough and the other about 
10 cms. away, so that they seem in a line with the one inside. 
We now want to mark the outline of the trough. If the glass 



Fig. 22. — Refraction at a Curved Surface. 


plate does not project beyond the ring, this is quite easy. But 
otherwise, knowing its diameter, a circle may be described with 
compasses set to the right size passing through two points on 
its circumference (determined by actual measurement). Each 
pair of pins must now be connected by a line, and the lines 
produced until they meet. The caustic may then be drawn 
touching all these lines. The geometrical image of the pin is 
the apex of this caustic. 

Measure the distance of the actual pin within the trough from 
the surface, and that of its image from the surface, also the 
radius of the trough. Make a drawing on a reduced scale in 
your notebook, and enter the measurements upon it. 

14. The Course of Parallel Bays, represented hy Pairs of Pins, through 
this Trough, and the Principal Pocus. — It will easily be seen that 
only those rays which pass normally through the surfaces go at 
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all accurately through the geometrical focus, and that there is 
a considerable aberration for rays that are far from the central 
line. 

1 5 . Pattis of Rays refracted tinoagh a Cylindrical Lens. — Apparatus , — 
The lens may be made by cementing strips 3 or 4 inches long, 
cut from rings similar to those already 
used but of a diameter of 8 or 10 inches, 
on suitable bases. In this way troughs 
to represent a plancKionvex or concave, 
double convex, meniscus or double con- 
cave lens may easily be formed. Instead 
of these troughs, a piece of cylindrical glass 
lens may be used. A strip a quarter of 
an inch deep, cut from a cylindrical lens 
of about 10 inches focus and 2.\ inches 
diameter, is very suitable. Half a cracked 
lantern-condenser may be used. 

Stand the lens upon a piece of ruled ^s^-Cyimdncai Lens, 
foolscap so that its plane may be perpendicular to the ruling. 
Looking through the lens, place pairs of pins, one close to the 
lens and one at about 10 cms. distance, to appear in a line with 




Fig. 24.— Refraction through a Lens. 


each line on the foolscap, as seen through the lens. Draw the 
trace of the surfaces of the lens on the paper. Move the lens and 
connect up the pins. The caustic may now be drawn in, to touch 
these lines. In the case of a plano-convex lens, the rays should 
be traced through in both directions, and the distance of the 
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geometrical focus from the surfaces measured, and also the 
difference in shape of the caustic observed. It will be seen 
that the aberration is very much greater — as indicated by the 
angle of the caustic being more obtuse — when the parallel rays 
enter the lens by its plane surface than when they enter by its 
curved surface. 

Focal Lines. 

1 6. Focal Lines by Eefraetion at a Single Plane Surface. Apparatus .^ — 
Drawing board, pins, ruler and scale ; two small blocks carrying 
a vertical and a horizontal wire respectively (see Fig. 26); a 
trough of water a pie-dish) \ a piece of zinc or a card with 
a horizontal and a vertical line ruled on it, and a support to 
hold it upright in the water ; blocks to support the drawing-board. 



Fill a trough nearly to the brim with water. Support the card 
in a vertical plane at one end. At the opposite end of the trough 
set up the drawing-board on blocks in such a position that its 
plane shall appear to coincide with the horizontal line on the card, 
that is, so that on putting the eye in this plane and looking along 
the board in a line that just grazes the surface, the horizontal line 
on the card shall be just visible. 

The final adjustment is most easily affected by raising or 
lowering the card slightly in the water. 

Two pins — a long one and a short one — must now be inserted* 
in the board and adjusted until the line joining their heads^ when 
produced shall also appear to meet the horizontal line on the card 
as in Fig. 25. This is most easily done by inserting the pins 
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in approximately the correct positions, and then bending the long 
one either forward or backward until correct. 

It is obvious that the image of the horizontal line must 
coincide with the point of intersection of the line joining the pins 
and the plane of the board. 

Next insert tw’o pairs of pins as shewn in Fig. 25, so that the lines 
joining each pair may each seem to pass through the image of the 
vertical line on the card. The point of intersection of these tw’o 
lines must therefore fix the position of this image. 

Measure the horizontal distance from the board to the card; 
The heights of each end of the board above the table ; the 
height of the surface of the water above the table; and the 
depth of the horizontal line on the card below the surface 
of the water. 

Without disturbing the drawing-board, carefully remove the trough 
of water. Then, looking along the feet of the pins, adjust the 



Fig. 26. — Focal lines. 


vertical wire to coincide with their point of intersections (Fig. 26). 
In the same way adjust the horizontal pin (by varying both its height 
from the table, and its distance from the board) until it coincides 
both with the plane of the board and the line joining the tops of 
the long and short pins first inserted. These two wires are then 
in exactly the positions occupied previously by the images of the 
two lines on the card. Measure their distances from the board. 

Note that the position of the image of the horizontal line 
is determined by the intersection of rays which lie in a 
vertical plane, and that the jx)sition of the image of the vertical 



22 


TREATISE ON PRACTICAL LIGHT 


line is determined by the intersection of lines which lie in 
the plane of the board, Le. very nearly by the lines which lie 
in a plane normal to the line. 

See that the positions, found by experiment, agree with their 
theoretical ones. 

1 7. Focal Lines t)y Eeftaction at a Single Ouired Surface. Apparatus. 
— A reading microscope with a low power objective ip.g. a 2 inch), 
and a scale on the course adjustment ; a lamp chimney of circular 
cross-section (an ordinary beaker will do for one portion of the 
experiment) \ a white card, or a piece of wood or metal painted 
white. This should be as long as the chimney with one vertical 
line down it lengthwise, and two horizontal lines, one of them just 

level with the greatest 
horizontal diameter of 
the chimney; a .cork 
to close the lower end ; 
calipers ; water ; pins ; 
clamps. 

Insert two pins in 
the card in the cen- 
tral line, and let their 
heads project exactly 
the same amount from 
the face of card (say 
2 cms.). 

Put the cork in the 
chimney, fill it with 
water, put it upright 
and fix it Set up the 
card in the chimney, 
let the pins touch the chimney at two points in its cylindrical 
portion, and let one of the cross-lines be just level with the 
greatest horizontal section of the chimney. Adjust the reading 
microscope to view in succession each of the crosses formed by 
the horizontal lines on the card with the vertical line, measuring 
in each case the distances of the images of the horizontal and 
vertical lines from the front of the glass, by racking the micro- 
scope body back until the glass itself comes into focus. 
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As in the last experiment, the position of the image of the 
vertical line will be determined by the refraction in a plane normal 
to it, that is a hori^ 07 ital plane. At both positions this refraction 
is refraction at a curved surface, of which the radius of curvature 
can be at once determined by measuring the diameter of the 
chimney there. 

The actual distance of the vertical line from the glass is 
also known (being the height of the pin^s head above the face of 
the card). Thus the position of the image of this line can be 
calculated from the ordinary formula for a curved surface, 

(.} 

v^ u r 

When is the reciprocal of 1*33, r is half the diameter of the 
chimney, and u is the height of the pin, v-^^ should agree vnth 
the result of the experiment. 

At the lower position the difference in the radii of the glass 
in the two positions will have to be added to the height of the 
pins to get the true value of u. 

Again, the positions of the images of the horizontal lines 
will be determined by the refraction in the vertical plane. In 
the first case the vertical section of the chimney is a straight line, 
thus the position of the image is given by the ordinary formula for 
refraction at a plane, viz. : » i 

u and ft having the same meaning as above, is the apparent 
distance of the image from the surface. 

In the second case the vertical section is neither a straight line 
nor (in general) a circle of the same diameter as the horizontal 
section of the chimney there. To find it approximately, cut a thin 
card (visiting card) along two straight lines which intersect at an 
angle of about 150“. 

Hold this card against the chimney in a vertical plane, and 
mark carefully the exact points at which they touch one another. 

Now lie the card on a sheet of paper, run a pencil along 
the card and mark the points of contact on the paper. Remove 
the card, and draw normals at these points ; they will intersect 
at the centre of the circle. The length of either of these, normals 
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will be the radius of curvation of the vertical section of the surface 
and is the r of the formula, 

u r ’ 

the u and /a have the same meanings as above. 

For Focal Lines by Oblique Reflection at a Concave Mirror, 
see § 125. 

Ponaation of the Rainbow. 

Apparatus as in § 13, except that about half the circle is to be 
silvered on the outside.^ 

18. Primary Rainbow. — Place a pin, Pj, within the trough close 
to the silvered surface. Looking through the trough obliquely, 



place two pins, S^, to appear in a line with Pj, and two 
more pins, and to appear in a line with the image of 
Pj and Sj, formed by reflection in the mirror. Place two other 
pins, Sg and Rg, in such positions that the line joining them 
is parallel to the line joining S^, R^, and looking along this 

1 If the trough is not silvered it mi£st not be blacked, as the chief reflection will 
occur at the outer glass-air surface. The pin itself is very difficult to see, but if a 
silvered bead be threaded on it, in a good light, the bright spot formed by reflection 
in this bead can be seen against a black background, such as a roll of black velvet, 
and the experiment may be performed as first described. 
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line, place Pg within the trough to seem in the same line. Again, 
looking in the drop from the other side, place To, Vo, to appear 
in the line with the image of P^, S.,, Ro, reflected from the 
silvered surface. Proceed in this way to find the direction both 
within and without the trough of a series of rays all parallel 
to RiSp 

It will be found that one ray, RiSiTjV^, is less deviated than 
those on either side of it It is in this direction that the raindrop 
would appear brightest if illuminated by a beam of light parallel 
to RS. Produce the lines RiS^, and V^Tj, to meet at O, and 
measure the angle R^OiTj. It should be 41° 32'. 

19. Alternative Method with an Unsilvered Trough. — If we assume 
that the reflection follows the ordinary laws of reflection, a sil- 
vered trough is not necessary. Place the pin P in the trough 
touching the far surface. Looking through the trough obliquely, 
place pairs of pins R^S^, RgSg, etc., to appear in a line with P. 
Or, which is much quicker, place a scale on the paper to appear 
in a line with P, and run a pencil along its edge. "When the 
scale is almost tangential to the trough so that the light enters 
the surface very nearly at grazing incidence, it will be seen that 
the image of the pin broadens out. It is this position which 
gives the minimum deviation. On moving the eye slightly this 
broad image will separate into two — one moving inwards towards 
the pin, and the other outwards to become the tangent to the 
surface. Follow the latter, and draw the ray. Do this on each 
side. 

It will be found that the rays obtained from the second images 
of the pins, namely those that appear to move towards the 
tangent, cross the others. The total deviation of these is there- 
fore greater. 

When the image broadened out, the rays became practically 
parallel. Produce any pair of these parallel rays, one on each 
side, until they meet, and measure the angle. It should be 
twice 41“ 32' (2>. 83“ about). 

The angle seldom comes quite right as the trough, is not 
sufficiently circular — a very small deviation from the circle having 
a very marked effect when the rays strike the surface at such oblique 
angles. 
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20. Secondary Rainbow. — The only difference between this experi- 
ment and the last will be the selection of the direction of RS, 
w'^hich must slope as shown. The vessel must be so placed that 
the two reflections occur upon the silvered part of the trough. 



A series of ruled lines such as those on a piece of ruled 
foolscap paper may be placed without the trough, in place of 
the parallel pairs of pins R, S. By looking at this system in 
the direction VT, it is easy to determine the one which is least 
deviated, and to see that the deviation of the one on each side 
of this is very nearly the same as that of this one, but that the 
deviation increases very rapidly for those still further away. 

Having found the one, R2S2P2Q2^2> which is least deviated, 
measure the angle RgOVo. It should be 51® 58'. 

21. Artificial Rainbow. — Apparatus . — An aspirator; glass and 
rubber tube; a short piece of glass tube with a bore i mm. in 
diameter ; drawing-board and pins ; gas flame — preferably in- 
candescent — in a box with a small aperture, or a simple candle ; 
blocks and beaker. 

Attach the millimetre tube to the tubules of the aspirator, and 
support it vertically in the clip so that a vertical stream of water 
may flow out, which can be received in a beaker. Prop up the 
drawing-board so that its upper surface is on a level with this 
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stream. Place the gas flame at a distance of 3 or 4 feet from 
the jet, turning the box so that the light may fall upon the jet. 
Then, on bringing the eye as close to the jet as possible without 
intercepting the light, and looking through the jet, with the back 
to the light, the primary and secondary rainbows will easily be 
seen, each accompanied by a large number (15 or 20) of super- 
numerary bows. The primary rainbow is the one nearest to the 
line joining the flame to the jet. 



Fig. 30. — ^Arrangement of Apparatus to measure the Angles of the Primary and 
Secondary Rainbows. Standing back to the candle F, with the eye^ at Ei, ^e . 
primary bow is seen in the direction RiSi. The eye is at E2 when inserting the pins 
P, Q, in line with F and the jet A. 

Insert in the drawing-board a pair of pins, one close to the jet 
and one as far away as possible in a line with the jet and the 
primary rainbow. Do the same for the secondary rainbow. 
Lastly, insert a pair of pins in the continuation of the line joining 
the light to the jet. 

To do this go round to the far side of the board, and with the 
eye nearly in the plane of the board, look along the line joining 
the jet to the candle. In this position the surface of the paper 
or drawing-board will appear slightly shining; in fact, it will 
partially reflect the light of the candle, and a shadow of the jet 
will be seen along the surface. Insert one pin close to the jet 
in this shadow, and another at as great a distance as the board 
will allow. 
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Join the pins in pairs, and measure the angle between the 
lines so obtained. (As the lines will of course meet beyond the 
edge of the drawing-board, it will be found necessary to draw 
parallel lines on the board in order to measure these angles.) 

Considering the simple nature of this experiment it gives 
remarkably accurate results. If the pins inserted in the direction 
of the rainbow are placed to appear in a line with the yellow of 
that bow, the angle given by ^should be 41° 32', and the result 
can easily be obtained to half a degree. The difference between 
the deviation of the red, yellow, and violet can easily be measured, 
amounting as it does to about two degrees. 


Determination of the Refractive Index of a Liauid by 
the Critical Angle. 


22. When a ray of light travelling in a denser medium strikes the 
surface separating it from a rarer medium, it generally is partly re- 
flected and partly refracted into the rarer medium, where it makes an 
increased angle with the normal. For a certain angle of incidence this 
angle, the angle of refraction, becomes 90®. If the angle of incidence 
be still further increased, there will be no refracted ray : the whole 
light will be reflected, and we obtain what is known as total reflection. 
The largest angle of incidence for which any of the light passes into 
the rarer medium is called the critical angle ; and since the angle of 
refraction is then 90®, and the light is passing from the rarer into the 
denser medium, 


/a' 


sing 
sin 90° 


smz 


and therefore 


smz = -. 


If a parallel plate of some other transparent substance separates the 
two media, when the ray reaches the critical angle from that substance 
to the rarer medium, the angle of incidence on the plate from the 
denser medium will be the critical angle for that medium and the 
rarer one ; for instance, if a glass plate separates water from air as in 
Fig. 31, and if the plate be rotated until the ray, PQR, strikes the 
surface, R, at the critical angle, f', for glass and air, then it strikes 
the surface at Q at the critical angle, z, of water and air. 

For, if II be the refractive index from water to. air, and fj! the 
refractive index from glass to air, the refractive index from water 


to glass will be 


and 


sin _ fi 
sin i ^ ih 
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Thus, if sin 2' = -^, we shall also have sin 2=—. The normal to the 

/A 11 

glass plate, therefore, makes an angle equ^ to the critical angle 
with the incident ray. 

Therefore, if we set 
the glass normal to 
the ray, and rotate it 
until the critical angle 
is reached, and meas- 
ure the angle through 
which it is turned, the 
reciprocal of the sine 
of this angle will be 
the refractive index of 
the water. 

Instead of attempt- 
ing to set the glass at 
right angles to the ray, 
it will be easier to 
turn it into the position 
shown by the dotted 
lines, in which the ray 
is again incident at the 
critical angle. The 
angle between the two 
positions of the glass 



Fig. 31. — Critical Angle. 


will now be double the critical angle. 


Apparatus. — A small glass tank about 2 or 3 inches cube^ — 
preferably with parallel sides, though this is not very important ; 

drawing-board 5 pins ; millimetre scale ; two 
pieces of thin patent plate about 2 inches 
square ; tinfoil ; shellac varnish ; and a wooden 
stool about 6 inches long, tall enough to put 
over the trough. 

Cut a piece of tinfoil the sfee of the glass 
plates and remove the greater part of the 
centre, leaving a narrow strip all round. Qean 
Fig. 32.-Giass Piatw dae fwo picces of glass, and pladng this.tinfoil 
enclosing a layer of Air. between them (Fig. 32), attach them 

together top and bc^#^ with cotton, and s^^c vami:^ the 
edg^so as to make them air-tight. A layer bl^air will tlw be 
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enclosed between the two glass plates — the thinner this layer 
of air the better. Cut a slot in the wooden stool parallel to its 
long side, as in Fig. 33, and ‘insert the upper end of the double 
plate above described, fixing it in position with wedges and the 
shellac varnish. To each foot of the stand attach a needle to 
act as a pointer. 

Place the di*awmg-board in front of a window, and put the 
trough on the centre of the drawing-board. Nearly fill it vrith 
water. Insert two pins, P and Q, perpendicular to the face of 
the trough. Place the stool over the trough so that the double 



Fig. 33. — Refractive Index of Water by the Critical Angle. 


glass plate containing the air-film may dip into the water. Then, 
looking through the trough in the direction PQ, the pin Q should 
be visible through the water and the glass plates. Now turn the 
stool round, and in a certain position it will be found that the 
pin Q will disappear, and one half of the field will become dark. 
Mark the positions of the needles on the paper as at A, B, when 
the blue colour, with which the dark part of the field terminates, 
just reaches Q. Now turn the stool round until the pin Q is 
again on the point of disappearing, and mark the lines (v, D on 
the paper. 

The ray after passing through the first glass* plate and the 
air-film will., until the critical angle is reached, enter the second 
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glass plate, and will emerge from it into the water parallel to 
the original incident ray, so that the light coming from Q passes 
right through to the eye at P. But when the critical angle is 
reached, the ray on entering the air-film passes along at grazing 
incidence, and strikes the tinfoil . 
instead of the second glass plate, 
and no light from Q will reach 
the eye. If the glass plates are 
separated by a larger space, the 
light from Q will be cut off before 
the critical angle is reached. 

The blue colour indicates the * 
disappearance of the yellow, and 
shows that we have reached the 
critical angle for yellow light ; the 
refractive index obtained should 
therefore be the refractive index 
of water for yellow light. 

Now remove the stool and trough, join the lines AB, CD 
(Fig. 34), meeting at O. With centre O, draw a circle, cutting 
these lines at E and F. Join E, F. The critical angle will be 
half the angle EOF. 

And therefore sin i = ; 



Fig. 34. — Measurement of Critical Angle. 


or 




2OE 

EF' 


Detenuination of the Befiractlve Index of a Liqiiid hy the 
Chitical Angle from the Liquid to Glass. 

21, Apparatus . — A cubical glass block or a right-angled glass 
prism, the refractive index of which is known; drawing-lmrd, 
pins, protractor ; a piece of ground glass or paper screen that 
can be set up vertically ; gas flame — preferably incandescent. 

Draw a long line AB on the drawing-board. Put a drop of 
the liquid, the refractive index of which is to be found, on one 
face of the block, and place the block on the drawing-board 
with this face, CD, vertically over the line AB. Look in the 
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direction PQ through the face DE of the block, and place the 
ground glass, or paper screen, S (which must be well illuminated), 
so that its image is seen by reflection in the face CD. At the 



Fig. 35.— -Refractive Index of a Drop of Liquid. 


point where the drop of liquid is placed on the face CD, the 
refiection will generally be less perfect; on moving the eye 
towards B, at a certain angle, the liquid will begin to disappear. 



Fig. 36.— Refractive Index of a Drop of Liquid. 


and the reflection become total When the drop has only 
partly disappeared, a vertical blue line will be visible. Insert 
two pins, P and Q, on the line joining the eye to this blue line. 
In this direction, the yellow light has just reached its critical 
angle. 
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Thus, calling i and r the angles of incidence and refraction at the 
surface DE, since the ray is incident at CD at the critical angle, we 
have 

n 

cos ; 

N 


n being the refractive index pf the liquid, and N that of the glass ; 
also - . 


smr 


therefore 

Square and add, we get 


sin r— 


sin i 


sin-r+ cosV= i = 


sin%' 


therefore 


z = s/N2: 


.(i) 


Produce PQ to meet AB at R, and drop a perpendicular, PM, on 
AB. Then 

Thus, as N is known, n can be found by substituting in equation (i). 


Detennination of the Refractive Index of a Substance 
by Measuring the Apparent Thickness. 


24. Liquid. — Apparatus. — A 
shallow vessel will be required to 
contain the liquid, preferably of 
glass, and a microscope with a 
low power objective; it should 
have a scale on the coarse 
adjustment. 

The microscope is set up with 
its tube vertical, and is focussed 
upon the bottom of the empty 
vessel The reading on the scale 
attached to the coarse adjust- 
ment is observed. [In default of 
such a scale, the height of some 
definite point on the tube of the 
instrument can be read with an 
ordinary millimetre scale.] With- 
out moving the vessel the liquid 
C.L, c 



Fig. 37.— Refractive Index of a Liquids 
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is poured in to a depth of i or 2 cms., depending upon 
the focal length of the objective, and the microscope is focussed 
upon the image of the bottom as seen through the liquid, and 
its position again noted. Lastly, it is to be focussed upon the 
surface of the liquid ; for this purpose a little lycopodium powder 
may be scattered upon the surface. The refractive index is the 

. . the real depth 
ratio ^ 

the apparent depth 

25. A Class Bloc^ — Apparatus , — A cubical block of glass about 
1 1 inch edge; a microscope with a low power objective, its 
body either horizontal or vertical — preferably the former ; blocks 
and millimetre scale. 

If the block is new and free from scratches, it will be necessary 
to make its surface visible, either by fingering it, or by attaching a 
small piece of stamp-paper. Set it up so that the stamp-paper 
can be seen in the microscope after refraction through the block, 
and focus the microscope upon it. If there is a scale attached 
to the rack of the microscope, take the reading upon it ; if not, 
measure to some fixed point on the tube with the millimetre scale. 
Withdraw the microscope until the front surface of the block is in 
focus, and measure the amount the objective has been moved, 
again using either the scale on the instrument, if it has one, or the 
millimetre scale. The amount of the motion is the* apparent 
thickness of the block ; its real thickness can be determined 
directly with the millimetre scale. The refractive index is the 

, . the real thickness 

ratio . 

the apparent thickness 

26. A BHoro Cover Glass. — Apparatus , — Some pieces of micro 
cover glass ; a microscope, of which the milled head of the fine 
adjustment must be graduated. The actual value of the grada- 
tions will not be required, A higher power (at least ^ inch) 
objective will be necessary. 

Place the cover glass, whose surface must be rendered visible 
by some means (it is sufficient to finger it), on the stage of the 
microscope, so as to observe a part of its surface near the edge 
— the edge may be in the centre of the field. By focussing first 
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the lower and then the upper surface, determine its apparent 

thickness. 

Fix the attention now upon the edge itself; the terminations 
of the upper and lower surfaces will be visible owing to the 
large cone of rays which the objective admits, and therefore, 
the actual thickness of the surface may be measured, using the 
same fine adjustment screw. The ratio of the real to the apparent 
thickness will be the refractive index. 

As we are dealing only with the ratio of the real and apparent 
thicknesses, it is sufficient to measure them in di\dsions of the 
milled head, it is not necessary to determine their absolute values 
in centimetres. 

Selection of a Piece of Parallel Glass, and Eongh Determina- 
tion of the Angle between the Surfaces of a Piece of 
nearly Parallel Glass. 

27. If a distant bright point be observed at very oblique inci- 
dence in a piece of parallel unsilvered or silvered glass, images are 
formed by reflection both at the 
upper and lower surfaces, and 
also after three, five, or more 
internal reflections. If the sur- 
faces of the glass are truly parallel, 
these images will all approximately 
coincide, and for an object at 
an infinite distance, will do so 
absolutely, for the rays after 
reflection will all be parallel, and 
will therefore appear to come 
from the same point If a piece 
of ordinary glass be held up so 
that a distant flame is observed at 
almost grazing incidence, a series of images of the flame will 
nearly always be visible which gradually diminish in brightness. 
If the glass be now rotated in its own plane, this series will be 
seen to rotate also. This series is due to the two surfaces not 
being truly parallel. 



Fig. 38. — Examination for Parallelism. 
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Let S (Fig. 40) be the distant bright point and AB and CD be 
the upper and lower surfaces of the mirror, and, to simplify the 



Fig. 39. — Series of Images of a Distant Candle seen by Oblique Incidence in a nearly 
Parallel Mirror. (This figure should be looked at obliquely.) 

figure, we will neglect the refraction so that we may treat AB and CD 
as two ordinary mirrors. Rays from S which enter the eye, after 



Fig. 40.— Single Image of a Distant Flame formed by Two Parallel Mirrors. 

reflection at these mirrors (since the lines SP, SQ are parallel and 
the surfaces AB and CD are also parallel), must obviously either 
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coincide or be parallel. Thus, as S is distant, only a single image 
will result. 

In Fig. 41, let the surfaces AB and CD make a small angle with one 
another, but suppose them each to be perpendicular to the plane of 
the paper so that their line of intersection is normal to the paper. 



Fig. 41. — Multiple Images of a Distant Flame, formed by Two Mirrors not quite 
parallel to one another. 

Let Rj, R2, be the images of the source formed by the surfaces AB 
and CD respectively. The angle SjPRi is twice the angle SjPB, the 
angle S2QR2 is twice the angle SgQD ; therefore, the angle RiERg 
must be twice the angle between AB and CD. It can easily be shown 
that, if R3 is the image formed after three reflections, the angle R3ER2 
is also equal' to twice the angle between the mirrors and so on. A 
series of images of the distant object will thus be formed at equal 
angular intervals. 

If the glass be turned round a little in its own plane, so that 
the line of intersection of the surfaces is no longer perpendicular 
to the plane of incidence, the images formed by successive reflec- 
tions will no longer lie • in the plane of the paper. They will 
appear to tail-dif either to the right or the left. 

Apparatus , — Pieces of plate-glass, candles, and a metre scale. 

28. Examination and Selection. — Light one candle and put it as 
far away as the size of the room will permit. Examine the 
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appearance of the image or images, in one of the pieces of glass 
held very obliquely, so that the candle seems only a short distance 
from its image formed in the mirror. If a series of images is 
formed, rotate the glass and observe the rotation of the images. 
They make one complete revolution by the time the plate has 
been rotated once in its. own plane. Also move the plate in its 
own plane so that the reflections occur at different parts of its 
surface. If the surfaces are not perfectly plane (so that the 
angle between them varies from point to point), this will be 
shown by the images closing up or opening out. If only a single 
image is visible or if the series of images be nearly coincident, 



Fig. 42.-— Angle between Surface.s. 


the plate is either parallel or nearly so. In the latter case it 
may happen that some part of the plate may be found to be 
parallel. Should such a part be found, it should be marked and 
put aside, as it will be valuable for other experiments. 

29. The Angle between tlie Surfaces. — Support the mirror with its 
plane vertical Rotate it in its own plane until the images of 
the distant candle are in a horizontal line. Then arrange two 
other candles at about the same distance from the observer as 
the first, to appear (as seen through the glass if unsilvered, or 
seen just over the edge of the glass if silvered) to coincide with 
the first two images of the first candle. Measure the distance 
apart of these last two candles {a) and the distance from them to 
the eye {d). Then the angle between the two surfaces will be 

given approximately by ~ in circular measure. 
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ADDITIONAL PRACTICAL EXERCISES TO CHAPTER I 

1. Stand two mirrors on a paper so that their surfaces are both 
vertical and at right angles to one another. Stick a pin in the paper 
about 3 inches in front of one mirror and i inch in front of the other 
mirror. Follow with pins the course of two rays from this pin to an 
eye placed to obser\’e the image which has been formed after two 
reflections in the mirrors, producing the rays in each case until they 
meet, and so locate the positions of the successiv'e images. See that 
the images lie on a circle whose centre is at the intersection of the 
mirrors, and passes through the original pin. 

2. Reduce the angle between the tw'o mirrors in the last experiment 
to 6o*. Note the number of images formed, and see that when the 
angle is not exactly correct, the diagonally opposite image of the pin 
seems suddenly to alter its position as the head is moved sidew^ays, 
and that this alteration occurs when the line joining the image to the 
eye passes from the one mirror to the other. Follow the paSb of two 
rays which are forming this image from the pin to the eye. Again 
see that the successive images lie on a circle. 

3. Place two mirrors facing and parallel to one another, and about 
2 inches apart. Insert a pin between the mirrors and about half an 
inch from one of them. Looking in the mirrors a little to one side, 
note that a series of pairs of images are produced by these successive 
reflections. By the method § 2 (^) find the positions of these successive 
images. 

4. Trace a ray in the last experiment from the pin to the eye which 
has suffered three reflections at the parallel mirrors. 

5. In Fig. 1 1 the two pins seen through the prism do not appear close 
to the surface of the prism, and do not reach dowm to the lines AB, 
AC. Why is this ? Examine which is the pin marked P in the figure, 
and trace the rays by which the pin is seen in this position. 

6. From the measurements in Experiment, § 6, calculate the 
refractive index of the prism from the formula : 

sini(8+A) 

^ sin JA ’ 

8 being the angle FOS, and A the angle BAC of the prism (Fig. 12). 
The sines of the angles are to be taken from the table of natural sines 
given at the end of the book, 

7. In Experiment, § 7, draw a series of pairs of lines RP, SQ. See 
that (if the pnsm is isosceles, for instance, an equilateral one) the 
lines RP and SQ make equal angles with^ BC, and thus the prism 
acts in a sense as a mirror. Produce the pairs of lines to meet. They 
do not meet in the same plane. Note that the pin S may be placed 
on the other side of the line BC produced, and the reflections will still 
take place. 
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8 . From the measurements made in Experiment, § 13? calculate the 
refractive index by means of the formula : 

V tc r 


or 



in which 11. and r are the distances of the pin, iniage, and the centre 
respectively, from the surface of the trough at which refraction takes 
place when the incidence is nearly normal, and are to be reckoned 
positive when they are measured towards the incident light. As this is 
the case here, they will all be positive in the above formula. 

9 . In Experiment, § 14, calculate the geometrical focus, and compare 
its position with that found by experiment (assuming the refractive 
index of water to be 1*33) by making tw^o applications of the formula : 


V ti r 


10 . Place the concave semicircular glass on a sheet of paper as in 
Experiment, § ii. Light a wax match and hold it i inch, inches, 
3 inches, and 6 inches from the surface. Note that the light reflected 
from the concave surface is much brighter along the caustic. ^ Note that 
&e paper is a little brighter within the caustic than it is outside. Hold 
a lead-pencil against the inner surface. It will form a shadow on the 
paper, which comes to a point on the caustic. Move the pencil along 
the surface. See that the point of the shadow always lies on the caustic, 
and the shadow is always tangential to the caustic. The shadow, of 
course, marks the direction in which the light it cuts off would have 
been reflected, and therefore shows that the reflected light passes 
through the caustic. As the shadow is pointed, it shows that the light 
reflected from the whole breadth of the pencil is concentrated into one 
point, and therefore explains the greater intensity there. 

11 . Instead of the stream of water of Experiment, § 21, use a glass 
rod, and find the angles of the primary and secondary rainbow for glass. 
(The angle of the secondary bow will be found greater than a right 
angle.) 

12 . Place two right-angled prisms with their hypotenuses in contact 
to form a cube. On looking in one face of the cube only objects 
reflected in the hypotenuse will be visible. Insert a drop of water 
between the two faces in contact, the part wetted will become trans- 
parent. 


13 . Place this block on the drawing-board as in Figure 36, and 
find the direction PR in which the block just ceases to be transparent 
Measure the lines RM, PR, as in that experiment, and calculate ^ from 
the equations : 

I RM 


and sin ( 0 - 45 )^ 




PR* 



CHAPTER II 

MIRRORS AND LENSES 


Position and Mature of the Image formed by a 
Concave Tens. 

30. Apparatus . — Concave lines of about 1 5 cm. focal length ; 
stand to hold the lens vertical; a card with large printed letters upon 
it, also supported in a vertical plane. 

Place the lens at a distance of 5, 10, 

15, 20, ... cms. from the card, and 
3 xamine the image seen through the 
lens. Move the eye to the left, and, 
seating the lens as a window (p. 4), 
determine whether the image is in front 
of or behind it. Observe also the 
lature and character of the image — 
whether it is erect or inverted, magni- 
ded or diminished — at each distance. 

Enter the results thus : 43— Concave Lens. 



Distance 
of object 
from lens. 

Is the image 
on the same 
side of the 
lens as the 
object ? 

Is it erect or 
inverted ? 

Is it magnified or 
diminished ? 

Is it nearer 
the lens than 
the object? 







To make the entries in the last column, we must remember, 
IS pointed out above, that when viewing objects' at different 
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distances from the observer that are practically in a line with 
one another, a movement of the observer to right or left will 

cause the farther object to 
appear to move relatively to 
the 7 i€arer one in the same 
direction as the observer : i.e. 
if he moves to the left, the 
farther object will move to 
the left relatively to the 
nearer one. They may both 
move to the left or right, 
but in either case the further 
one will finally be to the left 
of the nearer one. The 
object as seen outside the 
lens, and its image as seen 
through the lens, will be 
found both to move to the 
left across the lens if the 
observer moves to the left ; 
but the motion of one, of them across the lens will be greater 
than that of the other. The object is therefore moving relatively 
to its image. If this relative motion is to the left, the object is 
further off than its image. 

The Position and Nature of the Image of an Object formed 
by Befraction through a Convex Lens. 

31. Apparatus . — A convex lens of about 15 cms. focal length ; 
stand and printed card as before ; small gas flame and screen ; 
knitting needle in a vertical stand. 

Place the lens at a distance of 5, 10, 15, ... cms. from the 
card, and standing at a distance of 2 or 3 metres from the lens 
observe the image as seen through the lens. 

Enter the results in columns as in Experiment, § 30. 

It will be found that at some distances the image is erect and 
at other distances it is inverted. Also at some distances it will 
be magnified, whilst at other distances it will appear diminished ; 




Fig. 4 S. 

Images in a Concave Lens. 

Fig. 44.— Central position when a knitting needle 
is used as an object. 

Fig. 45. “If it appears as in this figure, since 
the observer has moved to the left, and the object 
is now to the left of the image, the object must be 
further away than the image. 



IMIRRORS .\XD LEKSES 


43 


it is also sometimes on one side of the lens, and sometimes on 
the other. At one distance the image will be indistinct. This 
distance should be noticed. 

At those distances at which the image is formed on the 
observer’s side of the lens the image is real and can be 
received upon a screen; but there would not be sufficient light 
from the card to see this image. To find the image, place the 
knitting needle between the observer and the lens. On moving 
to the left, both image and knitting needle, being on the near 
side of the lens, will appear to move across its surface towards 




Fig. 46. Fig. 47. 

In Fig. 47 the observer has moved to the right, and the needle has moved from 
the S to the U, or has moved to the right relatively to the lettering. Thus, the 
needle is farther off than the image, and must be moved towards the observer. 

the right. If the knitting needle is exactly in the same position 
as the image, it will move at exactly the same rate as the image 

across the lens, and will not seem to move relatively to the 

image itself. But this is not likely to occur at the first trial. 

The knitting needle will either be some distance in front or 

behind the image. If the knitting needle is farther from the 
observer than the image, when he moves to the left it will seem 
to move across the image towards the left As beginners usually 
find some difficulty in distinguishing the relative motion of the 
knitting needle across the image from the motion of knitting 
needle and image across the lens, it is advisable to sketch the 
position of the knitting needle and the lettering, first when the 
observer is straight in front of the lens and again when he has 
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moved some distance to the left On comparing the two sketches 
it is easy to see if the needle has moved across the lettering to 
the left ; if so, it is too far from the observer, and must be moved 
towards him. By repeating this several times, it is possible^ to 
find a position for the needle, in which this relative motion 
ceases, and then it and the image really coincide. 

If we now replace the knitting needle- by a screen and the 
printed card by a gas flame, a clear image of the gas flame 
should be formed upon the screen. 

The Position and Nature of the Image formed by 
Eeflection in a Convex Mirror. 

32. Apparatus , — Convex mirror about 20 to 30 cms. radius of 
curvature, with stand, small gas flame, knitting needle in a 
vertical stand. 

Set up the convex mirror in a vertical plane, and place the 
gas flame at distances 5, 10, 15, ...cms. 
from a card, and observe its image as 
seen in the mirror. 

Enter the results in columns as before. 
It will be found that the image is 
always formed behind the mirror. Place 
a knitting needle also behind the mirror ; 
of course, only the upper and lower parts 
will be visible, the centre being obscured 
by the mirror itself. Looking at the 
image of the gas flame, place the knitting 
needle so that the gas flame seems in 
the same vertical line as the knitting 
needle. Move the head sideways to the right or left, and notice 
if the gas flame moves across the mirror at the same rate as the 
knitting needle; that is, whether it still seems in a line with 
the ends of the knitting needle even when the eye is considerably 
to one side. ' If not, Consider whether the knitting needle is too 
far back or too’ near, the; mirrpr, using the rule given on p. 6, 
and move it accordingly. Do' not move the needle by guess-work 
only and try to' find^its :p.oSitioh ' by rule of thumb, but think 
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first the direction in which it should move. If this is not 
systematically done, it will be found that not only will a great 
deal of time be wasted in obtaining even the approximate 
position, but the position will never be found with the same 
amount of accuracy as when the movement of the needle is 
made intelligently. 

Observe whether the needle or the flame is nearer to the 
mirror. 

The Position and Nature of the Image formed hy 
Eefleetion at a Concave Mirror. 

Apparatus , — The concave mirror of about 20 to 30 cms. radius 
of curvature, and of as large a diameter as possible (a shaving- 
mirror does excellently) ; stand, gas flame, knitting needle, and 
screen ; black card, vase, and flowers, 

33. Real and Virtual Images. — Proceed as described for the 
convex lens, placing the flame at 5, 10, 15, ...cms. in front of 



Fig. 49.— Real Image formed by a Concave Mirror, 


the mirror, and observe it from a distance of 2 or 3 metres. 
Then, as in that case, the image will sometimes be on one side 
of the mirror and sometimes on the other, and at some distance 
will become indistinct. When the image is formed on the 
observer’s side of the mirror, it will be real and] can be received 
upon a screen. Find the position of the image by setting up a 
knitting needle and using the parallax method as described for 
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the convex lens, and finally replace the knitting needle by the 
screen. If the position has been correctly found, the image 
should appear well in focus. One difficulty will be found in 
this case ; namely, that the direct light from the flame as well 
as that reflected from the mirror will both reach the screen. 
This can only be avoided by placing the flame and screen slightly 
on opposite sides of the axis so that the reflection from the 
mirror is slightly obliciue, and then a card can be interposed to 
shade the direct light of the flame from the screen, as in Fig. 49, 

P- 45 - 

Notice that as the flame is brought nearer the mirror, the 
screen, in order to keep the image in focus, will have to be 
gradually withdrawn. 



Fig. 50. — Formation of Aerial Image by a Concave Mirror. 


34. Centre of Curvature. — Try to obtain a position in which the 
image is the same size as the object. It will be found that this 
occurs when the screen is the same distance from the mirror as 
the flame. This distance is the radius of curvature of the mirror, 
which may therefore be at once measured. If the flame is at a 
greater distance, the screen will have to be placed between the 
flame and the mirror (of course, it must be put slightly op one 
side of the axis and the flame slightly on the other, or the light 
cannot reach the mirror, and therefore no image can be formed 
on the screen). 

35. Optical Illusion. — Arrange a small flower vase on a block, 
so that its mouth may be on a level with, and near the centre of 
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curvature of, the mirror (Fig. 50). Against this, between it and the 
mirror, stand a black card which also reaches up to the same level. 
Suspend a small bunch of flowers against the back of the card. 
Adjust the distance, and inclination, of the mirror until the image 
of the bunch of flowers is formed above the vase ; and then, on 
looking into the mirror from a little distance, it is difficult to 
realise that it is only the image that is seen. 

ADDITIONAL EXERCISES ON CHAPTER II 

Apparatus . — Some long focus concave and convex lenses (old 
spectacle lenses, which may be obtained from any opticians, of powers 
t to 2 dioptres, will do excellently). 

1. Hold a convex lens close to the eye, and move it up and down 
m a vertical plane. Look through at some moderately distant object. 
The image of this object will appear to move up and down also. 
Notice whether the movement is in the same direction as that of the 
lens ; for instance, whether the image moves up when the lens is 
moved up. 

Draw a diagram shoA^ing the course of rays from the object to the 
eye through the upper edge of the lens. 

See that the displacement observ^ed agrees with that which you 
would expect from your drawing. 

2. Repeat this experiment with a concave lens. The motion of the 
image will be in the opposite direction to that caused by a convex 
lens. Make a drawing showing the course of rays through its upper 
edge, and compare the result of the experiment with your drawing. 

3. Sort a series of lenses, separating the convex from the concave 
by this method. It will be found very difficult to distinguish a very 
weak convex lens from a concave lens by the appearance, but quite 
easy by this method. 

4. ^^ange the convex lenses in order according to their powers ; 
that is, according to the amount of the displacement they produce. 
If two or more lenses produce equal displacements, they are of equal 
power, and should be put together. 

5. Next arrange the concave lenses in a similar manner. Attempt 
to pair a convex and a concave lens ; to find a convex and a 
concave lens which will, when placed in contact and moved up and 
down before the eye, produce no apparent displacement of the image. 
Such a pair will have equal focal lengths. 

6. If in the fourth exercise there were two or more convex lenses or 
equal power, and if there is a concave lens to pair with one of them, 
test it with the others, and see if it pairs with them also. 

Hence test the equality of their powers. (If there is no concave lens 
that exactly compares, try with the one which is nearest.) 
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7 . Suddenly place a piece of the plate glass used in Experiment, 
§ 27, in front of the eye, or suddenly remove it, and see if there is any 
apparent displacement of the image of an object seen through the glass, 
as compared with its actual position. If there is, it shows that the two 
surfaces of the glass are not exactly parallel. Note the direction of 
the displacement, and hence determine in which direction the surfaces 
slope together. Compare the result with the appearance of the distant 
■flame observed as in Experiment, § 27. 



CHAPTER III 


FOCAL LENGTH OF MIRRORS AND LENSES — 
OPTICAL BENCH 


The Optical Bench and Fittings. 

36. A very simple form of optical bench can be made by attach- 
ing a metre scale to one side of the upper face of a board about 
5 inches broad and i inch thick, and supporting lenses on short 
blocks of wood in uprights cut with V slots, as indicated in the 



Fig. 51. — Simple Optical Bench. 


figure. Or the lenses can be held between two upright parallel 
pieces of wood which are attached somewhat loosely at the bottom 
to a block. At the top they are drawn together by an elastic 
band. The lens is held by its edges in V grooves cut in the inner 
faces of the uprights (Fig. 51), 

The object can be a piece of thin board about 6 inches 
square, supported on another block, with a J-inch hole exactly on 


50 


TREATISE ON PRACTICAL LIGHT 


a level \rith the centres of the lenses ; to the front surface of 
this attach a white card with drawing-pins, having a clean 
hole a little more than ^inch in diameter opposite the centre of 
the larger hole in the wood, with a vertical and a horizontal 
cross-wire, for which a very fine glass capillary tube does 



excellently. . , i . 

A lamp, or better an incandescent gas flame, is placed behind 
this. The receiving screen can be another similar board and 
card, but wdthout any hole. 

Owfing to the warping of the vrood caused by the heat of the 
lamp, it is better to make the first screen of zinc (the one with 

the hole in). This is bent into the 
shape shown in Fig. 52, and a card 
slipped in the turned over part, AB, 
so that there is an air space of about 
^ inch between the card and the 
zinc. The zinc can be cemented 
in a groove cut in the wooden 
block (Fig. 52). The heights of the 
f:g. s,;-Cross.,,ire Screen with Centres of the lenses and screens 

two holes. (When only one is required, need nOt be mOre than abOUt 
the other is to be covered.) ^ inchcs. [It will bc Well to make 

them the same as that of the saccharin! eter described on p. 461, 
so that the parts may be interchangeable.] The blocks should 
be of the same width, so that when pressed against the 
metre scale, the centres shall be in a line. Each size lens 
will require a separate V block in order that the centre may 
remain at the same height; but as these are very easily made, 
and only about four lexises will be necessary, this is no serious 


matter. 

AB shows the shape to which the zinc is bent, and the other 
figure shows the card in position. 

Spectacle lenses may be used if desired.- The rnost useful 
will be a lo-inch and a 20-inch convex lens, and a 14-inch and a 
20-inch concave lens. They should all have the same diameter. 

If special lenses are bought for it, 2 inches diameter will be 
found a convenient size. 

A convex and a concave mirror, each of about 12 inches focus, 
will be wanted; also a plane mirror of good plate-glass, which 
must be mounted to stand vertically in a block. 

One stand will be required to hold both convex lenses ' in 
contact, and another the lo-inch convex and the 14-inch concave 
together. If an achromatic lens about 2 inches iri diameter and 
6 to 10 inches focal length be obtained (such as are used for 
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marine glasses), the cost will probably be no more than that 
of a convex and concave lens. It will not only answer the 
purpose for which those lenses are wanted, but will be useful in 
other ways, and will be much better for the aiexiliary km 
in the methods w^hich depend upon the use of a convergent 
beam. 

A better form of bench, allow'ing the stands to be brought 
closer to one another and allowing the centres to be adjusted in 
line, is shown in Fig. 53 in plan and section. 



Plan. Section. 

Fig. S3- — Improved Optical Bench. 


The section of the base show^s a ledge, upon which one 
foot of the stand rests. A second foot rests on the base-board, 
and the third foot is supported by a screw, S, also resting on the 
base. It will be noticed on examining the drawing of the stand 
itself, that this will allow the two stands to be brought very close 
to one another ; the foot K of one of the stands that rests on the 
ledge, sliding above and across the foot L of the other that rests 
on the base-board. The screw S allows the stand to be tilted, and 
thus produces the effect of a transverse motion, enabling the lens 
to be set nearer or further away from the edge of the bench. 
Each stand has a tube about 6 inches long, strengthened at 
the top with a brass cap, and is split and sprung inwards, to grip 
smoothly an inner sliding tube which carries the lens or other 
fitting. 

For this bench it is preferable to mount the lenses and the 
various mirrprs each on a separate inner tube^ so that they may 
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be interchanged readily, and so that they are less likely to be 
broken. 

The back view of the screen next the lamp is shown, to 
illustrate the method of attaching it to the-Tnner tube. ABCD 



Fig. 54.— Optical Bench, Stand, Needle, and Screens.’ 

(Fig. 54) is a piece of zinc bent as described before. To the 
back of this is screwed a thin brass plate, EF. Two brass 
plates, G, H, are silver-soldered to this, and a tube passes 
through a hole in each of these and is soldered in. K is the 
half-inch hole through the zinc and exactly opposite it is the small 
hole in the cardboard sheet. 

The receiving screen is mounted on the inner tube in a 
similar manner, and consists merely of a hollow frame cut out 
of sheet brass, on which paper is stretched. A piece of good 
drawing paper is damped and left for about ten minutes to 
stretch ; the front of the frame is then pasted and placed upon 
the damp paper; some weights are put on, and it is left a day 
or two to dry. When dry it will be found to be stretched 
tightly and perfectly flat. 

37. Still another form of bench is shown in Fig. 55, in which 
also the stands may be brought close together. The bench 
consists of three stout metal tubes of nickled steel, let into blocks 
at their ends. The stands rest on a V, and flat on the upper 
rods, and on a V on the lower rod. A thumb-screw on a 
swinging arm of the stand, and tightening on the under side 
of the lower rod, clamps the stand, 



m 





pieces of brass into a cross-piece, fixed to the top of a brass rod 
that fits in the various stands. A nut with a 
conical upper surface screws up and down on 
this rod, and as it is screwed up, the edges of 
the curved pieces are forced together. These 
edges have a V cut on their inner edge, and 
therefore will clamp a lens of any size (Fig. 56). 

A steel rod with square ends about 8 or 
10 inches long will be required for finding 
the index error (p. 59). This should be 
mounted at right angles on another (inner) 
tube. 

Each of the stands should have an arrow 
on the leg K by which its position may be 
read, and the upper face of this leg must be 
on the same level as the upper face of the 
scale (Fig. 53). 

38. An optical bench, upon which a lot of work can be done, 

can be made very easily as 
shown in the accompanying 
drawings. Upon a board 
about 4 ." X i" and of any 
convenient length, say two- 
feet, are attached a straight 
tube A about |" diameter, 
such as a piece of brass gas 
barrel, and a strip of plate 
glass about 2 wide. The 

Fig. 57. — Home-made Optical Bench. rod and the glaSS mUSt be 
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parallel to one another. They may be attached to the board 
by plasticene, red wax, or sealing-wax, or they may be drilled 
and screwed on. Two such boards may be built up in one 
line or making an angle with one another. They can be 

temporarily attached to the table with 
small lumps of plasticene under their 
corners. 

Temporary lens stands can be made 
of wood as shown in Figs. 57 and 58 
A small piece of wood D has two blocks 
M, N glued on, which have a V cut in 
them to slide on the rod A of the bench 
(Fig. 58). A screw P is put through 
the other end, which will rest on the 
glass B. The lens is either inserted in 
Fig. 58,— End^w^of Home-made turned recess in C and held in place 

by a spring of brass wire, which fits in 
the recess, or it may be simply attached with a few pellets of 
plasticene round its edge. The screw P enables the lens to be 
raised or lowered, and rotating C on the screw S moves the lens 
transversely across the bench. Thus it can be centred. A weight 
W of sheet lead is necessary to keep the stand from tipping over. 
The heavier the lens stand is the steadier it is ; thus stands of 
similar design in cast-iron are much to be preferred to wooden 
ones. They need not be filed up. P and S can be two set 
screws ; the feet will of course be cast on ; a washer can be put 
between C and D to allow C to turn smoothly ; C may be made 
of wood. 

39. For my own experimental work I have found a piece of angle 
brass, supported horizontally at a convenient height on a kind of 
heavy retort stand, with the V upwards, very convenient. The 
lenses must be mounted in short lengths of brass tube (“telescope 
tube which must all be of the same diameter. They will then 
always be coaxial. I use tubes of two sizes, the one sliding in 
the other ; the lens is ground to such a size that it just fits in the 
outer tube and shoulders against the inner tube ; the lens is held 
in, either by a wire spring ring, which goes tightly into the outer 
tube, or by another very short length of the inner tube. Any 
number of lenses can be put up in a row, and will at once be 
coaxial, and have their planes normal to their common axis. They 
can be slid to and fro, or lifted off, or put back instantly. In 
this way experimental microscopes, telescopes, etc., can be set up 
in a few minutes, or the best arrangement of lenses for any 
particular purpose can be easily tried. Stops can, of course, also 
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be mounted in the same way, in the same or similar tubes. A 
two-foot length of one-inch angle brass, and tubes diameter, i", 



2", and 4" long, are convenient sizes for most purposes. I 
have also found angle brass and f" tubes very good. 


Eule of Signs. 

40. I n all formula measurements from the surface of the lens or mirror 
towards the light will be considered positive, those from the surface 
away from the light, negative. 

To apply this, imagine yourself 
standing at the surface where re- 
flection or refraction is occurring, 
and turn so that the incident 
light falls upon your face. If by 
walking forwards from the sur- 
face, you come to any point, the 
distance of that point from the 
surface is to be considered 
positive. But if to reach a point 

it is necessary to turn round and walk in the other direction, that 
distance is to be reckoned negative. 



Fig. 60. — Mvergent Incident Beam. 


EXAMPLES. 

i. A divergent beam falling on a lens or mirror (Fig. 60). 

Suppose A to be the surface of the mirror and P the bright point. 
Applying the above rule, we see that the distance AP is positive. 

ii. A convergent beam falling on a mirror or lens (Fig. 61). 

If a beam travel in the direction BQ and fall upon the surface A, 
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the point of the cone of light that we are dealing with is Q. To 
reach this point starting from the surface A, you would have to turn 
your back upon the light, and thus the distance AQ is negative. 




Fig. 61. — A Convergent Incident Beam. 

iii. Suppose a beam of light falling upon the lens A, afterwards to 
diverge so that it appears to come from a point R. Then R is the 




Fig. 62. — Emergent Diverging Beam. 

vertex of the cone of rays that is leaving the lens. To reach R fi'om 
A we should be walking towards the incident light, and the distance 
AR is positive. 



Fig. 63.— Emergent Converging Beam. 


iv. Light converging after passing through the lens. 

Suppose it to converge to the point S. Then to reach S we shall 
have to walk away from the light, and the distance AS is negative. 
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In the formula, u always is used to refer to the incident cone of 
light, and is the distance from the surface to the vertex of that cone. 
V in the same way is used to refer to the emergent cone — that is, 
the cone after reflection or refraction as the case may be. So that in 
Fig. 6o, the distance AP is w. In Fig. 6i, AQ is numerically equal 
to but being negative, it really is —u. In Fig. 62, = and in 

Fig. 63, AS=-v. 

If the incident light is parallel, the emergent light either comes 
from, or proceeds to, a point which is called the principal focus of the 
lens, and the distance AR or AS is the focal length. It is obvious 
from Figs, 62 and 63 that the focal length of a concave lens will be 
positive and that of a convex lens negative. 

V. Using these conventions, the formula for a mirror is 

ij-i— i— £ 
u V f 7^ 

where r is the radius of curvature of the surface ; and for a lens it is 

V u'~f' 

If we use U, V, F, R to stand for the reciprocals of these measure- 
ments in metres^ the formulae become 

U + V = F =s 2R for the mirror, and 
V - U = F for the lens. 

F is called the power of the mirror, or lens as the case may be, U 
and V measure the curvatures of the waves at the surface of the lens 
or mirror, and R that of the surface of the mirror itself the curvature 
of a sphere of radius i metre being taken as unity.^ In words these 
formulae express that the sum of Qie curvatures of the incident and 
reflected waves is equal to the power of the mirror, and is also twice 
its curvature ; and that the increase of curvature caused by refraction 
through a lens is equal to the power of the lens. From this way of 
stating it, it is obvious that if a second lens is placed close against 
the first one, the curvature will be again increased by the power of 
that lens, and thus, that the power of two lenses in contact is equal to 
the sum of the powers of the individual lenses, the power of a convex 
lens being taken, of course, to be ne^tive. The power of a lens as 
defined above is said to be so many dioptres. 

The following way of stating the formula is instructive. 

When a spherical wave of light falls normally upon a lens, the 
change in the curvature is always the same. This change in the 
curvature is called the power of the lens. 

The measurements on the optical bench will be those of w, w, and 
respectively. These must be converted into U, V, F, by the table of 
reciprocals given at the end of the book. 

1 Do not confuse curvature with radius of curvature. If a spherical surface has 
a small radius, its curvature will be very large ; but the surface becomes a plane, 
and therefore has no curvature, when the radius becomes infinite. The curvature 
is the reciprocal in metres of the radius of curvature. 
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Focal Length, of Convex Lens. 

41. First Metnod. — Apparatus , — Optical bench; cross- wire and 
receiving screens; flame; lo-inch lens; thin metal rod 6 or 8 
inches long, e,g, a knitting needle, for the index error ; squared 
paper. 

Set up the gas flame, the screen with the hole and cross-wire, 
also the lo-inch lens and the paper screen in a line, so that the 
light from the cross-wire after passing through the lens falls upon 



Fig. 64.— Focal Length of a Convex Lens. 


the paper screen. A bright patch will be seen on the latter. 
Move this to and fro, and see if an image can be formed upon it 
of the cross-wire. This will not be possible if the lens is not at 
a greater distance from the cross-wire than its focal length. To 
obtain an image on the far side of the lens, the curvature of the 
emergent light has to be negative. The curvature of the incident 
light is positive, and if, therefore, the curvature of the incident 
light is greater than the power of the lens, it would be impossible 
for that lens to render it negative. The curvature must be 
reduced by increasing the distance from the lens to the cross- 
wire until it is less than the power of the lens. By placing the 
eye close to the lens and looking through it at the cross-wire, 
some idea may be formed of the behaviour of the light. If the 
curvature is still positive, it will be possible to see the cross-wire 
distinctly through the lens. It will merely appear magnified. 
When the curvature becomes negative so that a converging beam 
is falling upon the eye, it very soon becomes impossible to focus 
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this clearly on the retina, and if the light be received on the 
screen, the image can be found at a short distance. If the 
lens is one of ver}' low power indeed, it may not be possible 
to make the cur^^ature of the incident ray small enough in the 
length of the bench, and its powder will have to be determined 
by an indirect method. Supposing how-ever the image found, 
the reading of the scale arrows on each of the stands must be 
taken. 

Index Error. — The difference between the readings on the cross- 
wire stand and the lens stand would be the distance if there 
were no “ index errors.” In the same way, the difference between 
the readings on the lens stand and the receiving screen stand 
w-ould be - V. But the distance from the screen to the lens will 
not, as a rule, be exactly the distance from the one arrow to the 
other; it will differ from it by a constant amount, the “index 
error.’' This constant amount must be found by the steel 
rod. 

Withdraw the lens stand from the cross-wire screen, and insert 
the rod horizontally between them on a line with the centre of 
the lens, and adjust it just to touch the card by the cross-wire 
at one end and move up the lens lightly to touch it' at the 
other end. Their true distance is now exactly the length of 
the rod. 

Carefully lift out the rod without disturbing anything else, and 
place it on the scale, with one end exactly opposite the arrow 
on the stand of the cross-wire screen. If the other end of the 
rod is exactly opposite the arrow on the lens stand, there is no 
index error. If not, note how much the distance is from the end 
of the rod to the arrow. If the needle is longer than the distance 
between the arrows, the error is positive, and you will write 
“index A to B 2*3 cms.” (say). If the needle is shorter than 
the distance apart of the arrows, the error is negative. This 
error is to be added with its proper sign to all the readings of 
the distances AB, that are subsequently taken. 

Repeat the operation with the lens and receiving screen. 

A series of readings of the distances u and v can now be 
taken. 
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Enter the results thus : 

Scale Readings. 


' Cross-wire. 

Lens. 

Screen- 

u 

V 

U 

V 

II 

1 

> 

f 

1 

I 

1 

I 

i 

j 

1 








The column F is the power of the lens in dioptres, 

U, V, F are found from tables of reciprocals at the end of the 
book. 

The mean of the columns F and f should be taken 
42. The graphical solution should also be found. 



The values of (Fig. 65) are to be marked olf along 

XO, and the values of Vj, (being negative) are to be 

measured off along OY. Join the corresponding points. These 
lines should all meet a line, OF, bisecting the angle XOY, in the 
same point, F. 

The mean position of this point must be found, since the lines 
will not all meet in OF in exactly the same point. Then the 
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length of the perpendicular FM should agree with the mean 
value of f found from the last column. 

The best results will be obtained when u and v are nearly 
equal to one another, as the errors of measurement are then less 
important 

43. Second Metliod- — Apparatus — As before, \\ith the addition 
of a plane plate-glass mirror and stand. 



Fig. 66.— Mirror Method for determining the Focal Length of a Convex Lens. 


Place a plane mirror, M, close behind the lens, and adjust the 
distance of the lens L from the cross-wire until the image of 
the cross-wire is formed on the screen P itself close by the side 
of the cross-wire, so that the 
light is practically returning 
along its own path. To 
do this it must be striking 
the mirror nearly perpen- 
dicularly, or as it is a plane 
mirror, the light falling upon 
the mirror must be parallel. 

It has, therefore, no curva- 
ture, and the power of the 
lens must be equal and opposite to the curvature of the 
incident light The distance of the lens from the cross-wire 
must therefore be the focal length of the lens. The distance 
between the arrows corrected for index error will be the focal 
length. 

This is the most accurate method as well as the simplest. 



Fig. 67. — Focal Length of a Convex Lens. 
Mirror Method. 
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44. Third Method. — Apparatus . — The same as for the first 
method. 

If the cross-mre, lens, and screen be adjusted as in the first 
method, to form an image of the cross-wire P on the screen at Q 
with the lens at A, it will be found that there is another position, 
B, for the lens at which an image of P is again formed at Q. 
That is to say, that with the cross-wire P and the screen Q at a 



Fig. 68. — Conjugate Positions of a^Convex Lens. 


given distance apart, there will be two positions of the lens, 
A and B, at which the image will be sharply formed. Also 
the distance AP will be equal to the distance BQ, and AQ 
equal to BP, so that in the formula 


T I I 


the magnitudes of the and v can be interchanged. 

(It must be remembered that ^ is - AQ or - BQ by the rule of 
signs, p. 56.) 

For this reason the points P and Q are frequently called 
conjugate foci of the lens A. 


If 

and 


but 

or 


PQ = ^ = AP -I- AQ — 

AB = ^ = AQ-AP = (-^)~?/, 
- 4m ; 

_ b'^ -or' 

u-v'^ 4b ' 


If, therefore, we measure the distance b between the two 
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screens, and a between the two positions of the lens, we can 
calculate f. 

It will be obvious that the measurement of a will be independent 
of index errors, as it is merely the distance the arrow^ attached 
to the lens stand is moved, and it will not therefore involve 
any determinations of the exact position of the optical centre 
of the lens. It does, however, involve index error in the 
measurement of d. (This method is nearly correct for the 
measurement of the focal length of an ordinary photographic lens. 
The following method is theoretically correct for such a lens.) 



Fig. 69. — Magnification of Image. 


45. Fourtli Method : Abbe’s Method. — Apparatus . — Optical bench ; 
receiving screen; gas flame; pair of dividers; millimetre scale; 
in place of the ordinary cross-wire screen, the screen with two 
holes, vertically one above the other, about 2 mms. in diameter, 
and 2 cms. apart, with a horizontal cross-wire stretched over each 

(Fig- 52)- 


When the image of an object placed at P is formed on a 
screen at Q, the ratio of the size of the image to the object, the 

V 

magnification^ is equal to the ratio -. If this ratio is negative, 

the image is inverted. This is obvious from similar triangles, 
if it is remembered that the light passes through the centre of 
the lens without bending. 


Since 


therefore 


I 

V u~~ f"* 


I I I 2/ . 

U~~ V f~~ 7 jf ' 

the magnification. 
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=?;z2j the new magnification. 


I^ without mo\fing the lens, the screen Q be withdrawn a kno\\m 
distance, so that v becomes we have 

f ' 

Subtracting (and remembering that -AQ, and that 7/% and 7 n,^ 

are negative quantities) we have 

d X ^ 

~ = ?/Zg - , or f— . 

nii-?n2 

To determine the magnification, focus the two cross-wires on 
the receiving screen, and set the dividers to the exact distance 
apart of the images of the two cross-wires. Measure this distance, 
(3, on the millimetre scale — if possible estimating to fractions of 
a millimetre. Note the position of the receiving screen; with- 
draw it a definite distance from the lens without moving the latter^ 
and adjust the cross-wire screen, until the images of the cross- 
wire are once more sharply in focus. Again take the distance 
apart, 3 , of the cross- wires with the dividers. Very carefully 
measure the actual distance apart, of the crofs-wires themselves. 
The distance d is, of course, the amount the screen Q is moved 
as measured by the arrows on its stand. 

Numerically, will be the ratio and will be thus 
the focal length is given by 

There are no index errors to be allowed for, and it is true for a 
compound lens. 


46, FidEth Method. — For a lens of long focus, that is, a lens of 
very low power. 

A;pparatus , — The same as for the first method, and in addition 
a long focus convex lens and stand (if obtainable, the short focus 
convex lens is much better replaced by a photographic, or even 
a lantern objective) ; squared paper. 

Remembering that the power of a lens is the difference between 
the curvatures of the incident and refracted waves, it will be 
obvious that if a lens be interposed in a converging beam, i.e. 
one whose curvature is already negative, it will increase that 
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negative curvature if the lens is a convex one, and the change in 
the curvature will be the power of the lens. 

Set up therefore the cross- wire screen at P, an auxiliary lens, L 
(preferably a good photographic objective, or failing that a good 



Fig. 70. — Auxiliary Lens Method. 


achromatic lens), and screen at Q. Adjust the distance so that 
an image of P is formed at Q. If now a convex lens, A, of low 
power, be inteq>osed between L and Q, it will increase the 
curvature of the light falling upon it, and cause it to focus at 
some point, Q', nearer L. 



Fig. 7i.~Auxiliary Lens Method tor a Low-Power Convex Lens. 


Note the position of the screen at Q, and then move it forward 
to Q', again noting its position. Read also the position of A. 
Find the index error between A and Q. 

The curvature of the incident ray was equal to - -^~ = U. 

The curvature of the emergent ray = - = V. 

Therefore the power of the lens, F = V — U, can be found. 

This method may also be used to find the focal length of any 
concave lens, and, with a good photographic objective as an 
auxiliary lens, is the tjest method to employ. 

C.L. ^ E 
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47. Sixtlx Method. — Apparatus . — Telescope ; lo-inch lens and 
stand ; cross-wire, stand, and optical bench ; knitting needle ; 
rod for index error. 

Focus a telescope on a distant object. Place it to receive 
the light coming through the lens A from the cross-wire P, and 
adjust the distance of the lens A from the cross-wire until the 
cross-wire is seen sharply in focus. If the telescope has been 



Fig. 72. — Telescope Method or obtaining the Focal Length^of a Convex Lens. 


properly adjusted, the light entering it will be parallel light, and 
thus the cross-wire is at the principal focus of the lens A, and 
the distance AP is its focal length. 

Focal Length of Concave Lens. 

48. First Method. — The focal length of a concave lens is best 
found with the aid of an auxiliary lens, and is similar to 
Experiment, § 46, for a convex lens. 



Fig, 73, — Focal Length of a Concave Lens. Auxiliary Lens Method. 


Apparatus . — Optical bench ; cross-wire and receiving screen ; 
photographic or lantern objective — or, failing this, a convex lens 
of 6 to 10 inches focus — on a stand ; gas flame ; concave lens and 
stand ; squared paper. 
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Set up the screen P and the auxiliar}’ lens L to produce an 
image of P on the screen at Q. Note the position of this 
screen. Withdraw the screen to the end of the bench at 
Introduce the concave lens, and adjust it until the image of P is 
in focus at Q'. Note the position of the lens A, and find the 
index error from A to Q. As the light is coming from left to 
right, the distances AQ and AQ' will both have to be reckoned 
negative. The vertex of the incident cone of light is on Q. 
Thus AQ is -u and AQ' will be - v. 



Several readings must be taken, and tabulated as in Experi- 
ment, § 41. 

The graph will be that shown in Fig. 74, 

49. Second Mettiod. — As the power of a lens measures the 
increase in the curvature of the wave passing through it, two 
lenses in contact will increase the curvature by an amount equal 
to the sum of their powers, and this will be, of course, the power 
of the combined lens. So that if F^, Fg, F, be the powers of 
the separate lenses and of the combination respectively, 
F^Fj + Fg, and if any two of these are known, the third can be 
calculated. 

Apparatus , — Optical bench ; cross-wire and receiving screens ; 
gas flame; convex and concave lenses, and a stand which will 
support them in contact with one another, the convex lens 
being stronger than the concave ; rod for index error. 

Place the concave lens the power of which is required in 
contact with a convex lens of known power, and determine the 
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power of the combination ; that of the concave lens can then be 
calculated. If the power of the latter is less than that of the 
convex lens, the combination will act as a convex lens, and its 
focal length can be determined by any of the methods given for 
a convex lens, preferably the second method, both as being the 
most accurate and the simplest. In the same way the focal 
length of the convex lens alone can be found, and thus that 
of the concave obtained. 

As the • combination of these lenses will not have negligible 
thiclcness, there will necessarily exist some uncertainty as to the 



point to which measurements are to be made. If the surfaces 
of the convex lens are about equally curved, the measurements 
should be made from its centre approximately, and if the index 
error is taken from its front surface, half the thickness should 
be added. If the lenses are of fairly long focal length, and the 
thickness small, the error produced by neglecting it will not 
be very great. 

In performing the experiment, the two lenses will both have 
to be mounted in contact on one support so that they may be 
moved about together. 

If there is any appreciable distance between the lenses, the 
power of the combination is not the sum of the powers of 
the individual lenses. 

The formula then becomes — 

I _ £ I 

/ fi fi f\fi 


or 
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where a is the distance between the lenses, and the combination 
will have to be treated as a “compound lens,” see §45 or 131, 
When substituting in the formula, it must be remembered 
that the power of the convex lens is negative. The answer, 
being the power of a concave lens, should be positive. 

50. Third Method, by the wse of a Virtoal Ima^a 

Apparatus , — Optical bench ; concave lens ; knitting needle and 
needle on stands ; plane plate-glass mirror and stand. 

Let P be the screen with the cross-wire, or better, a knitting 
needle in a vertical stand, and A the concave lens. To the 



Fig. 76, — Virtual Image Method for a Concave Lens. 


right of A, place vertically a silvered mirror, B, covering the 
lower half of the lens, and facing to the right, so that an eye 
placed as in the figure will be able to see the reflection in this 
mirror of a pin at C. This image will, of course, be formed at Q, 
as far behind the mirror as C is in front of it. 

At the same time, through the upper half of the lens, the 
image of the knitting needle, P, will be visible somewhere 
between P and A. By altering the position of C, Q, the image 
of A may be formed at any desired point, and therefore may be 
caused to coincide with the image of P, seen in the upper half 
of the lens. When these two images coincide, a movement of 
the eye will not alter their relative position. 

To adjust C, therefore, place the eye in such a position that 
the image of the pin, seen in the mirror, coincides with that of 
the knitting needle seen in the upper half of the lens. [The 
image of the pin will be much more easily seen if a piece of 
white paper, H, is placed behind it so that it appears as a dark 
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line on a white surface.] Move the eye to the right or left, and 
if the images do not remain coincident it shows that they are 
not really formed in the same position. If on moving the eye to 
the right, the image of the pin moves to the right of the image 
of the needle, it shows that the former is behind the latter. To 
improve the result, the pin, C, must be pushed a little closer to 
the mirror. In this way it is not difficult to obtain the coincidence 
of the images of C and P. 

The distance AP will be the u of the formula, and AQ will 
be V. AP can, of course, be read off directly, correction being 
made for the index error. 

AQ=^BQ-AB, which is BC-AB. The readings should be 
taken from the silvered surface of the mirror, or more accurately 
still, from the point in the thickness of the mirror one-third 
its thickness from the silvered surface. 



Fig. 77. — Direct Measurement of the Focal Length or a Concave Lens. 


51. Pourthi Method, with the aid of two auxiliary Convex Lenses. 

Apparatus . — Optical bench ; concave lens ; cross-wire, and 
receiving screens; the two convex auxiliary lenses, of 6 to 
10 inches focal length (half-plate photographic lenses, if possible). 

Adjust the first convex lens L so that the light from the cross- 
wire P shall emerge parallel. This is most conveniently done 
by placing a plane mirror behind it, as in Method, § 43 (p. 61). 
Place the concave lens A to receive this light, and then with the 
second convex lens LV form an image of P on a screen Q. Note 
the position of A. Remove A and L and shift P forward to P' 
until its image is again focussed at Q. Then the light which 
emerged from A must have been apparently coming from P', 
and as the light falling on A was parallel, AP' is the focal length 
of the lens. 
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Read the position of P, therefore, and the distance AP^ 
corrected for index error will be the focal length of the lens. 
Whether this method \vill give good results will depend upon 
the lenses L and L . They should be telescopic or photographic 
objectives. 

Focal Length of a Concave Mirror. 

Although the theory of the concave and convex mirrors always 
precedes that of the lenses, yet as the experimental determinations of 
the focal lengths of lenses are not only more important but are more 
easily performed, there is an advantage in placing them first in the 
practical work. This also allows us to use lenses in determining 
the focal lengths of mirrors. 

52. First SEethod. Apparatus. — Optical bench ; concave mirror : 
cross-wire screen. 

Adjust the mirror facing the screen P at such a distance that 
an image of the cross-wire is formed on P, close by the side 
of the wire itself, and 

■■IIIIIIIIIIIIIIIIIIIM 

after the 

along 

had perfectly co- 
ray 

have been 

returned exactly upon F.o.,8.-Rad:u.ofCurvat„«o,aCcncaveMirror. 
Its path, and thus have 

struck the surface of the mirror normally. But lines which 
are normal to a spherical surface are radii of the sphere of 
which it is a part. So that the cross-wire is at the centre of 
curvature of the surface, and the distance from it to the mirror is 
the radius of curvature of the mirror r, and is double the focal 
length of the mirror. 

This is the most accurate method of determining the focal 
length of a mirror as well as the simplest It has the further 
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advantage that the image and object can be kept practically on 
the axis of the mirror, that is, on the line joining its centre of 
curvature to the centre of its surface. 

Second Metsiiod. — J\.ppciT(itus . — Optical bench ^ concave 
mirror ; cross-wire and receiving screens. 

Interpose a screen between the cross-wire P and the mirror, 
and let the edge of the screen reach just about to the line 
joining P to the centre of the mirror (the axis of the mirror), 
withdraw the mirror and tilt it a little until the image of the 
cross- wire is formed on this screen close to its edge (as in Fig. 49). 
In this way the object and image will be very nearly on the axis 
of the mirror. The distances from P and Q to the mirror will 
be the u and v in the formula for the mirror. 

By using a receiving screen not more than half an inch in 
diameter, the image can be kept on the axis of the mirror. 

Repeat this experiment with the screen Q at different 
distances. 

The results can be entered thus : 


PA corrected 
for index 
error. 

QA corrected 
for index error. 

i=U. 

U 

V 

U+V=F. 







Position of 


P. i Q. j Mirror. 


The mean of the last column, which should be nearly con- 
stant, gives the power of the mirror. 

Also obtain the focal length graphically as in Fig. 79. 

54. Third Method. — Apparatus . — Optical bench ; concave mirror ; 
silvered and unsilvered plane mirrors; cross-wire and receiving 
screens. 

Between P and A, Fig. 80, interpose a flat plate of thin 
unsilvered patent plate-glass. The light reflected from this glass 
falls upon the screen Q. 

Adjust Q until the image is in focus. The distance of the 
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image will now be the sum of the distances A^I and MQ, which 
can be read with an independent scale. 

The disadvantage of this method lies in the fact that there 
will be a reflection from both the front and back surfaces of the 



glass plate, resulting in a certain amount of uncertainty in the 
position of Q. By using a silvered mirror from which some of 
the silver has been removed over a small area in the centre 



Fig. So. — Focal Length of a Concave Mirror. 


through which the light from P shall pass, this difficulty will be 
overcome, since the light reflected from the silvered surface 
will be much more intense than that reflected from the un- 
silvered portion. In this case, the distances AM, MQ must 
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be measured to the silvered surface, or more accurately, as 
before, to a point in the mirror a third of the thickness from 
the silvered surface. 

In the above experiment we have supposed the distance AMQ 
to be greater than the distance AP. If the mirror is arranged 



Fig. 8i. — Concave Mirror and Small Plane Mirror. 


so that AP is the greater, it will be best to use a small silvered 
mirror on the axis to reflect the light to the screen Q. In this 
case, the mirror may be of speculum metal, and the distance 
AMQ can then be found accurately. 

This method is introduced as illustrating the principle of the 
reflecting telescope. 



Fig. 82. — Parallel Beam Method for a Concave Mirror. 


55.'”Fourtli Method. — Apparatus. — ^Concave mirror; optical bench; 
a small white receiving screen, about i inch diameter, on stand. 

Allow the light to pass through the lens L, placed at its focal 
length from P so that a parallel beam falls upon the mirror A. 
Receive the reflected light upon a very small screen Q placed 
on the axis of the mirror. 
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The distance AQ will be the focal length of the mirror. 

‘ If the lens L is a good one {e.g, a photographic objective), 
this will give good results. 

56. Fifth Method. — Apparatus. — Optical bench ; a needle and a 
knitting needle, or two knitting needles, on stands. 

Place two needles P and Q in stands of the optical bench and 
put P in front of the mirror. An image of P will be -visible in 
the mirror. If P is close to the mirror, this image is erect 
and magnified. At a greater distance, it will be seen inverted, 
and may be either magnified or diminished according to the 
distance. 


Q P 


A 

/ 


' Fig.' 83. — Parallax Method for a Concave Mirror.' 


Place it at such a distance that it is inverted and somewhat 
magnified. Now put the needle Q in such a position that it 
appears to coincide with the image of P. That is to say, get 
P and Q in a line on the axis of the mirror. It may be necessary 
to rotate the mirror slightly and to adjust the heights of P and Q. 
The image of P should appear inverted with the point of the 
needle exactly in a line with, and touching the point of, the needle 
Q itself. * 

Move the eye sideways. If the image of P and the tfeedle Q 
still appear coincident, they are really together. But if they 
separate, Q must be moved nearer or farther from the mirror 
until the coincidence is perfect, remembering that the one 
which moves in the game direction as the eye is moved, is 
the farther from the eye. The distance PA and QA may now 
be measured either by using the scale on the optical bench 
and obtaining the index error, or by holding an independent 
scale against the surface of the mirror and reading the distances 



of P and Q directly. They will be the and v of our 

formula. 


Focal Length of Convex Mirror. 

The convex mirror does not form a real image of a real object, and 
thus we cannot obtain its power and curvature directly, but must 
employ methods similar to those adopted for the concave lens. 

57. First Method. — Apparatus — Optical bench; cross- wire and 
receiving screens; convex* mirror; a short focus convex lens 
(preferably a photographic objective). 



Fig. 84. — Auxiliary Lens Method for a Convex Mirror. 


With an auxiliary lens L, form an image of the cross- wire P 
on a screen Q. Note the position of Q. Interpose the mirror 
A between L and Q. The light will now be reflected back, 
and by adjusting A it will be possible to form an image of 
the cross-wire on the screen P by the side of the cross-wire 
itself. When this is the case, the light being returned upon 
its path must strike the milrror A normally, and thus the rays 
must bcf radii of the surface A, and would, if produced, meet at 
its centre. But they do focus at Q when the mirror is not in 
the way. Thus Q is the centre of curvature of the mirror, and 
the distance AQ is its radius of curvature. 

If the mirror A has a very small curvature, it will be necessary 
to put L in such a positipn that Q is at the end of the bench. 
Generally the lens should be so adjusted that A is fairly close to 
it to give the best results. 

With a good lens this is the best method. 
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58. Second Method. — Apparatus , — Optical bench; convex and 
plane mirrors on stands ; needle and knitting needle on 
stands. 

Place a plain silvered mirror B in front of the lower half of 
the convex mirror A. At some distance from it place a large 



Fig. 85.— Parallax Method for a Convex Mirror. 


needle, a knitting ijeedle for instance, P, in a stand of an 
optical bench. An eye placed behind this at E will see a 
diminished image of the needle formed in the upper half of the 
concave mirror at Q. 

If a small needle P' be placed at a short distance in front of 
B, an image will be formed by B of this needle, at an equal 
distance behind it. By adjusting the position of P', it can be so 
arranged that this image formed in the plane mirror B and the 
image of P formed in the upper half of the convex mirror A 
may coincide at Q. This coincidence may be determined as 
usual by moving the eye to and fro, when no change in the 
relative positions of the two images should occur. 

Then AQ = BQ - B A = BP' - BA. 

This is the v of the formula, and is negative. 

The distance AP is the u of the formula, and can be measured 
directly. 

A piece of white paper to the right of P will make the images 
in the mirrors more easily distinguished by providing a plain 
white background for them. 
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Three or four readings should be taken and the results 
entered in columns as in the case of the concave mirror. 
Experiment, § 53. Also obtain the focal length graphically as 
in Fig. 86. 



Fig. 86. —Graph of a Convex Mirrror. The lines ujVi, etc., meet OF in a point. 
The focal length is represented by FM, and is negative. 

59. TMrd Method. — Apparatus . — Convex mirror on stand ; glass 
scale and Bunsen clip or stand for same ; card on stand ; small 
cork borer to make the holes in the card. 



Fig. 87.— Focal Length of Convex Mirror by Virtual Image Method. 


Set the mirror up facing the window. 

Let Pi and P2 be two of the window bars. A reduced image 
of these will be formed in the mirror at and Qg. 

Place a glass scale, S, close in front of the mirror, and, 
standing at a distance of 2 feet away, observe with one eye 
the number of divisions subtended by the image on the scale. 
This will not give the true size of the image owing to the 
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convergence of the rays from and Q., to E, but it may be 
treated as a first approximation. Now make two small holes 
in a piece of card at this distance apart, place the card in a 
clip with the holes horizontal, and observe Qj through the hole A, 
and Q2 through the hole B. The size of the image will now 
be found to a second approximation and may be taken as correct. 
Let it be b. Measure the distance apart of and P3, a. Then m, 
the magnification, which as the image is erect is a small positive 
quantity, is given by 


m 


a u 2^ -y * 


The distance from A to the window can be easily measured, 
and therefore (which is of course negative) is given by 




mu 
I + w 


Instead of two window bars, a pair of candles may be used. 

60. Fourtai Method for an Unsilvered Mirror, e,g. one of the surfaces 
of a lens. 


Apparatus , — Convex lens ; fusible metal, test-tube, and a 
beaker of water ; rubber ring ; metal or cardboard ring. 

Place a few sticks of fusible metal in a test-tube and put the 
latter in a vessel of hot water. In a short time the metal 
will melt. At the same time warm the 
• mirror carefully by putting it in cold water 
and gradually adding hot water, so that 
it may not crack. Make a paper, or Fic. 88.— J^thod of Casting 
cardboard, ring to fit tightly round the 
edge of the lens so as to make a small vessel into which 
the melted metal may be poured. The surface the curvature 
of w^hich is wanted is to be the bottom of this vessel. 

Or, better still, place an indiarubber ring on the surface and 
press a short piece of brass tube dovm on this so that it makes 
a water-tight cell. Pour in the fusible metal. It wHl very soon 
set, and, when quite cold, a smart blow with a piece of wood 
will separate it from the lens. (It is not advisable to try this 
for the first time with a very valuable lens, as even if the heat 
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does not crack the lens, it is sometimes difficult to separate 
the two surfaces.) 

This metal casting \\dll now be found to make a very good 
bright concave mirror, the curvature of Which can be determined 
by any of the methods given. 

6 1. Fiffcli Metliod. — To find the ctirvature of the convex surface of a 
convex lens. 

ApJ^aratus.—O'^tical bench; cross-wire screen; convex lens 
on stand. 



Fig. 89. — Curvature of Convex Surface of a Convex Lens. 


Place the lens on the optical bench near the cross-wire, 

A patch of light will be seen on the screen P. This is caused 
by the reflections from the front and back surfaces of the lens. 
Gradually withdraw the lens. If the surface A, farthest from 
the screen, is convex, and the lens be gradually withdrawn, the 
light reflected from this surface will at a certain distance be 
focussed on the screen P, and, by tilting the lens, the image may 
be formed close to the cross-wire. 

As the light is now reflected back upon its original path, it 
must be striking the far surface A of the lens normally, and 
therefore, zn the glass it must he travelling along radii of this 
surface. Qwing to the refraction at the near surface of the lens, 
this will not be the case in the space between P and the lens. 
The ray, as we have seen, is striking the surface A normally, 
the light which emerges — and the greater part of the light does 
emerge — will do so without bending, and the point from which it 
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seems to come must therefore be the centre of cur\'ature of that 
surface. But the point from which the emergent light appears 
to come is also the “image,” Thus, when the light which 
strikes the back surface of the lens is reflected back along its 
path to P, that light which emerges is coming both from the 
image of P and from the centre of curvature of the surface, and 
these two points are coincident. 

Now if we know the focal length of the lens, and the distance 
of the object, we can, of course, calculate the distance of the 
image. Therefore : 

(1) Find the distance AP = u. 

(2) Find the focal length of the lens f (by placing the plane 
mirror behind it and obtaining the image on the screen as in 
Method, § 43 (p. 61) ). 

Then the radius of curvature of the surface AQ, or is given 
by ^ + i = ^ (remember that fy being the focal length of a convex 
lens, is negative). 


62. Sixtih Method. — If the curvature of the surface is very slight 
indeed, it may be found with great accuracy by the method of 
Newton's rings (p. 290). 

63. Badixis of curvature of a surface of a very small leas or mirror, 
e.g. a part of a inicrcK)hjectlYe. 

Apparatus , — An adapter to screw on the end of the tube in 
place of the micro^bjective, furnished at its lower end with a 
screw to carry the latter. This adapter has an aperture, CD, on 
one side, and it also has a plane semi-silvered mirror, B, set at 
an angle of 45** to the axis, to reflect the light from the lamp at 
A down through the objective. The lamp must have a zinc 
chimney with a small hole at A, across which one or two fine 
wires are stretched. 


The distance from A to the mirror B must be made approxi- 
mately equal to the distance from B to E, the focal plane of the 
eye-piece. Place the surface S to be tested on the stage, and 
adjust it so that its centre of curvature may be in line with the 
axis of the microscope. The light from A should now be 
reflected down by B and returned up the tube by S, so thak 
a certain amount of light should be perceived in the eye-piece. 

C.L. F 
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On racking the tube up or down, when the convergent cone of 
rays emerging from 0 has its vertex at the centre of curvature 
of S, each ray will strike the surface S normally and will be 
returned along its path, and the reflected cone will converge to 
foci both at A and E. Thus an image of the aperture A with 
its cross-wires will be seen. When this occurs the centre of 
curvature of the surface S is conjugate to A or E. 



Fig. 90.— Radius of Curvature of a Small Mirror. 


Scatter a few starch grains on the surface S and focus them. 
The surface itself is therefore now at the conjugate focus to E. 
The distance the tube has to be raised or lowered, to pass from 
the position in which the image of A is in focus to that in which 
the starch grains are so, is the radius of curvature of the surface ; 
if it has to be raised it is convex, if lowered concave. 

Ophthalmometers. 

An ophthalmometer is essentially an instrument for measuring 
the curvature of a convex mirror of small radius. In § 59 it was 

proved that /= - image produced by the 

mirror of an object of known dimensions at a known distance 
from the mirror can be found, f (or r) can be easily calculated. 
In measuring the curvature of the cornea of the eye, no method 
which depends upon the eye remaining stationary while two 
independent readings are taken is of any use ; all ophthalmometers 
which have proved successful have obtained the size of the image 
by the method of doubling. 
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64. Let MN be a double-image prism, and suppose A and B two 
points pn the image. Then, if A and B are viewed through the prism, 
each will appear double as AA', BB'. If no\v the distance betw^een the 
image AB and the prism MN is increased (either by moving the object, 
or the prism) so that A and B are now at C and D relatively to the 



Fig. 91.— -Doubling produced by Double-image prism. 


prism, the other images will coincide at O. The angle AKA' is a 
constant of the prism ; thus if the distance CK is knowm, the distance 
CD (=2. CO) is also known. In this way the size of the image can 
be found, and the measurement is almost independent of a small motion 
of the eye, as this causes A and B to move together (it is affected 
slightly as the surface of the cornea is not a perfect sphere). 

The doubling can be produced in a great number of ways, of 
which the following are some ; 

{a) Helmholtz used two thick plates through which the light passed 
obliquely, the plates being inclined in opposite directions. 

{d) Hardy used a bi-plate (see p. 272). 

{c) Two equal prisms placed bases or apices together. 

{d) A Wollaston or a Rochon prism. 

(js) Two similar de-centered lenses, each lens being cut across a 
chord, and either the two larger seg- 
ments or the two smaller ones being put 
together to make one double lens. 

• The above all give fixed separations 
at a fixed distance. There are two 
giving a variable separation. 

{/) A pair of rotating prisms, which 
revolve over one another in opposite 
directions, causing ^ the image to move 
in a straight line. The rays forming 
the other image go by the side of them, or through' a hole in them. 
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{£■) Probably the best is that invented by Sutcliffe. It consists of a 
pair of weak cylinders of equal strength crossed (le. with their 

axes at right angles). 'Such a 

' LJ— — « equivalent to a simple 

spherical lens. Then if one of 

■- — T T these cylinders is cut into three 

^ ^ strips C, D, E, at right angles 

I® — — ' to its axis, and the middle one 

Fig. 93.“Cylinders C, D, E. The base or £> is de-centered, it will produce 

thick end is at B in each case. . t-t j • - 

a doubled image, of which the 
doubling can be varied at pleasure, since it depends upon the amount 
of the decentration. 


65. One of these systems is put between the objective and eye- 
piece of a low-power microscope (magnifying about ten diameters), 
and thus the eye-piece views the doubled image. In 
the case of the systems (a) the plate or prism 
may be moved nearer or farther from the image 
to vary the doubling, and in every case the size of 
the image is to be varied until the selected 
points just coincide. The experiment is usually 
conducted in a darkened room, and the object is 94- -Mire, 

some illuminated design; Sutcliffe uses a circle 
with hooks. He splits both cylinders, and so is able to measure 
the curvatures in two meridians at right angles simultaneously. 




Fig. 95. — Adjusted image of 
Mire. 


The appearance when adjustment is 
perfect is shown in Fig. 95. The 
curvature is marked on the scale. 

As an ophthalmometer is chiefly of 
use to obtain a difference of curvatures in 
two meridians, the absolute curvature 
is comparatively unimportant, and the 
graduations are, as a rule, more or less 
on an arbitrary scale. For accurate work 
it would have to be calibrated. To do 


this it should (d) be pointed at a millimetre glass scale (which 


will of course appear double). Then it should be adjusted so that 
the overlapping is exactly i, 2, 3 mm., etc., the corresponding read- 


ings on the scale taken, and a curve plotted, connecting the size 
of image and the scale readings, (p) The actual size of the object 
(or mire as it is called) must be measured. Then if {c) the mire 
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is set up at a known distance from the mirror of which the radius 
is required, and {d) the size of the image it forms is measured 
(using the calibration curve pre\iously plotted), the actual magni- 
fication can be found. From it the radius of cur\’ature, r, is 

obtained, since /*= 2/== nearly if mis small], where 

m is the magnification of the mirror under test, is a small positive 
quantity. / is of course negative. 

The Magnification produced by a Lens. 

66. A;pparatus . — In place of the ordinary cross-wire screen we 
shall require one with two holes, one vertically above the other, 
about I inch apart, each with a single horizontal cross-wire (Fig. 52). 

Adjust the lens so that its axis shall be on a line normal 
to the screen and cutting the screen at a point halfway between 
the two cross-wires, and form an image of these magnified 
successively to i inch, 2 and 3 inches on the screen. With a 
millimetre scale measure in each case the exact distance apart of 
the images of the cross-wires on the screen. Find the distances 
from the lens to the cross-wires, and! to the screen, correcting for 
index error as usual. Measure also the actual distance between 
the cross-wires. 

Enter the results thus : 


Position of 

u 

V 

Ratio. 

u 

Size of 

Cross-wire. 

Lens. 

Screen. 

Object. 

Image. 

Ratio. 











Loss of Power of a Lens in Water. 

67. Apparatus ^ — A convex lens about 10 or 12 inches focal 
len^h and a trough with parallel sides large enough to contain 
it ; the optical bench. 



86 


TREATISE ON PRACTICAL LIGHT 


Determine the focal length of the lens in air and then place it 
in the trough, seeing that the lens is vertical. Fill the trough 

with the liquid and again 
determine the focal length of 
the lens, using the mirror 
method (§ 43). As, in this 
method, the light on the 
mirror side of the lens is 
parallel, if the lens is placed 
close to one side of the 
trough and the mirror behind 
the other side, the thickness 
of the trough will have no 
appreciable effect on this 
determination, and we may 
assume the focal length to be 
the distance from the lens to the screen. The focal length of 
the lens in the water is given by the formula : 



The focal length in air is given by : 

So that if the refractive index, ft, of the lens is known, that of 
the water, ft^, can be found. 

Eefraction at Spherical Surfaces. 

68. Apparatus , — A globular flask (such as is used for the prepara- 
tion of oxygen or for vapour density determinations) ; a support 
for the flask; a screen with a hole about in diameter fur- 
nished with a cross-wire; a white receiving screen; gas flame; 
meter scale ; calipers ; black paper, scissors and water. 

Take the diameter {2d) of the spherical body of the flask ; fill 
it with water, and support it with its centre on a level with the 
cross-wire. Set the cross-wire up near the surface of the flask, 
and the flame beyond it ; let the light, after passing through the 



Fig. 96.— Power of a Lens immersed in a Liquid. 
L, lens ; T, trough ; JM, mirror. 




FOCAL LENGTH OF :MTRR0RS AND LENSES 



hole in the screen, pass along a diameter of the flask, and receive 
it on the white screen. Cut a circular hole about |" diameter in 
a piece of black paper, 
and attach the paper to 
the flask so that it may 
act as a “ stop ” to limit 
the aperture of the light 
emerging from the flask. 

The receiving screen can 
now be so adjusted that 
an image of the cross- 
■wire is focussed upon it. 

Measure the distance of 

the cross-wire from the -or.* ^ a ^ i ^ 

Fig. 07. — Refraction througli Spherical Globe 

surface of the flask, add ” of Liquid, 

to it the radius of the flask a (already measured), and so obtain the 
distance of the cross-wire from the centre of the flask /, measured 
towards the incident light. In the same way measure the distance 
from the flask to the receiving screen, and add the radius to it to 
obtain its distance from the centre of the flask. As, however, it is 
measured away from the incident light it must be called a negative 
quantity ( - ^). 

Then the refractive index of the water (/x) is obtained from the 
p q a\ fi)' 

For if O is the centre of a sphere filled with liquid of refractive 
index p, and P be a bright point, the image Qi of P is given by 

.,(i) 


where p=^OF, qi==OQi, and a is the radius of the sphere. 

When the light emerges from the second surface, substitute ^ 

for /X, for a, and for p in order to find the position of the 
final image Q, and ^ ^ 

I /x_/x-i 

or ^ ^ 

q ^ 
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adding (i) and (ii) and dividing by /x, 



(iii) 


Fio. 98. — Refraction through a Sphere. 


Repeat with other distances, and tabulate results thus : 


Radius of 
Sphere. 

Distance of Object 

Distance of Screen 

1* 

“ ^q~g 

Sum of last two 
Columns. 

From 

surface. 

From 

centre=>. 

From 

surface. 

From 

centre=^. 










Sum 

Mean value of 

I i_ 

P g~~ 


I -~ = 2(mean value of 4”-] = 
/X 2 \ p qj 


ADDITIONAL EXERCISES ON CHAPTER III 

1. Arrange a convex lens and a plane mirror to form an inverter 
image of the cross-wire on the screen the same size as the origina.. 
See that rotating the mirror moves this image ; also that the distance 
of the mirror from the lens is immaterial. 

2. Place the plane mirror at a little more than four times the focal 
length of a convex lens from the screen. Interpose the convex lens. 

* From table of reciprocals, p. 510. 
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A bright patch will be seen on the screen. Focus this by adjusting the 
distance of the lens from the screen. It will be found, that w'hen in 
focus, the image coincides exactly with the original cross-wire, and 
therefore becomes invisible. Explain the formation of this image. 

Breathe upon the mirror, and see that the cross-wire is focussed on 
the surface of the mirror. 

3 . See that there is a second position of the lens in wLich the patch 
again comes in focus, and that this occurs when the cross-wire is again 
focussed on the mirror. 

4 . Move the lens a little so that the image is thrown a little out of 
focus, and is not quite coincident with the original ; by passing a 
knitting needle over the cross-wire, see that the image of the needle 
moves in the same direction, and therefore that the image is erect. 

5 . Slightly rotate the mirror, and see that the image does not move. 
Explain this with the aid of a diagram. 

6. Pair a convex and a concave lens as described on p. 47, Ex. 5. 
Determine the focal length of the convex lens by the mirror method. 
(Experiment, § 43.) The focal length of the concave lens will of course 
be numerically the same. Measure it by one of the methods described 
in this chapter, and compare your results. 

7 . Place a convex lens sufficiently far from the screen to form a real 
image. Place a concave mirror in a line with the centres of the cross- 
wire and lens, but beyond this image. If the mirror receives the light 
directly, a bright patch will appear on the screen. Adjust the distance 
of the mirror until this patch comes into focus. It will be found that 
when this occurs, the image coincides with the original cross-wire, 
moving the lens either nearer or farther, causing it to separate on the 
screen. 

8. See if tilting the mirror alters the position. The distance from 
the mirror to the image is of course the radius of curvature of the 
mirror. 

9 . Place a convex lens and a concave mirror in contact. Adjust 
them to form an image of the cross-wire by the side of the cross-wire. 
The light striking the concave mirror must now be returning along its 
path, and therefore it is striking it normally, and must be coming from 
its centre of curvature. Call the distance from the lens to the screen u. 
Measure the focal length of the lens, and determine the conjugate 
focus of the cross-wire by substituting in the formula. The value of v 
so determined will be the radius of curvature of the concave mirror. 
It can then be determined directly as in Experiment, § 52, and the 
results compared. 

10 . Combine a weak concave lens with a concave mirror, and form 
an image of the cross-wire by the cross-wire itself, as in the last 
experiment. Measure the distance from the screen to the lens, and the 
radius of curvature of the concave mirror by Experiment, § 52. 
Calculate the focal length of the concave lens by substituting these for 
u and V respectively in the formula. 
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11 . On the graph of Experiment, § 42, set off any distance OA 
along the line OX, and double that distance OB along the line OY. 
Join the points A, B, and draw through F a line parallel to AB cutting 
the axes OX and OY in C and D respectively. Then OC and OD 
represent the distances from the lens to the cross-wire and receiving 
screen, at which the image will be twice the size of the object. Adjust 
the lens and screen to these distances, and test your result. 

12 . Adjust a concave mirror, the screen with two cross-wires, and 
the receiving screen to form a real image, as in Fig. 49 ; and hence 
measure the magnification produced by a concave mirror. Enter the 
results as in Experiment, § 66. 

13 . Repeat Experiment, § 58, substituting two knitting needles side 
by side at about i inch apart for the single one P, and adjust two 
needles for the one at P', to coincide with the two images of the 
knitting needles. Measure the distances apart, both of the needles P, 
and of the needles P' ; use them as the sizes of the object and image, 
and enter the results as in Experiment, § 66. 

14 . Set up a convergent meniscus lens with its convex side facing the 
cross- wire. As the lens is convergent, it will be possible to obtain an 
image, by the reflection from the further surface of the lens, upon the 
cross- wire screen close to the cross- wire, as in Experiment, § 61. In 
this case, as the light is being normally reflected fi'om a convex surface, 
the light which proceeds through the lens will converge to a real image, 
and may be received on a screen as usual. The distance from this 
screen to the lens will be the radius of curvature of the surface. 
Calculate it from the formula as in the experiment referred to, and 
compare the results. 



CHAPTER IV 


OPTICAL INSTRUMENTS 


The Astronomical Telescope. 

69. Apparatt/s ,^ — A long focus convex lens 15 to 30 inches focus ; 
a short focus convex lens of i or 2 inches focus, which need only be 
half an inch in diameter ; stands for same ; knitting needle on 
stand; some printed matter at the far end of the room — for 
instance, a poster. 


Set the long focus lens up to face the printing. Stand at 
some little distance and look into the lens. An inverted image 
of the printing will be seen. 

That this image is on the 
observer’s side of the lens 
can be proved by moving 
the head, when the image 
will move across the lens 
in the opposite direction. 

Adjust the knitting needle 
to coincide with this image, 
by the method of parallax 
(p. 3). Lastly, place the 
short focus lens in a line with the other lens and knitting needle, 
and adjust its distance from the knitting needle so that the latter 
may be in focus when the eye is placed close against the lens. 
Then, as the knitting needle has been made to coincide with the 
image of the distant printing, this printing vdll be in focus also, and 
an enlarged and inverted image of a part of the poster will be seen. 



B'ig. 99- — Principle of the Astronomical Telescope. 


1 The experiments in this chapter* § 69 to § 72, can be more easily performed 
with the apparatus of § 39- It is, however, a better exercise for the student to do 
them as here described. 
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Galileo's Telescope. 

70. Apparatus . — A long focus convex lens ; knitting needle on 
stand; a concave lens half an inch in diameter, and about 2 inches 
focus. 

Adjust the knitting needle to coincide with the image formed 
by the 15-inch lens as before. Then insert the concave lens 
between the knitting needle and the long focus lens, at about 
its focal length from the needle. Remove the needle, place the 
eye close to the concave lens, and the image will be at once seen, 
and a slight adjustment of the lens will bring it into focus. 

The Terrestrial Telescope. 

71. Apparatus . — A long focus convex lens 15 to 30 inches focus; 
two short focus convex lenses of i or 2 inches focus and half an 
inch in diameter ; stands for same ; two knitting needles on 
stands ; some printed matter at the far end of the room. 

Adjust the knitting needle as before, to coincide with the image 
of the poster formed by the long focus lens. Place one of the 
short focus lenses at about double its focal length from this 
needle. It will form a real image of the knitting needle on the 
other side of the lens at about an equal distance. Adjust the 
second knitting needle to coincide with this image. Lastly, place 
the second short focus lens at such a distance from the second 
needle, that the needle may appear sharply in focus when the 
eye is placed close to the lens. Then, as the needles have in 
succession been adjusted to coincide with the images of the 
poster formed by the long focus lens and the first short focus 
lens, the image of the poster also should be in focus when 
observed through the second short focus lens. It will be found 
to be erect. To succeed in these adjustments the lenses must 
be all exactly in the same line, and care must be taken that the 
needles are made accurately to coincide with the images. 

The Oompound Microscope. 

72. Apparatus. —Two convex lenses of about i or 2 inches 
focus, and half an inch in diameter; some small print on a 
stand ; knitting needle. 



OPTICAL IXSTRU-MENTS 


93 


Place one of the short focus lenses at about double its focal 
length from the print. A real inverted image will be formed. 
(If the image is not inverted, the lens is too close to the print, 
and the image will not be real.) Adjust the knitting needle to 
coincide with this image, and the second lens to \iew the knitting 
needle. An enlarged image of the print should be \isible at the 
same time. 

The magnification will depend upon the focal length of this 
second lens and upon the ratio of the distances of the image 



Fig. ioo. — Principle of the Compound Microscope., 


and object from the first lens. By bringing the print a little 
nearer to the first lens and withdrawing the second lens to a 
greater distance at the same timej the magnification can be 
increased; but with ordinary lenses the image becomes very 
distorted if the distance of the image is more than two or 
three times that of the object. 

Optical Iiantern. 

73. Apparatus . — The optical bench with convex lenses of \o 
and 6" focal length and about 2 diameter ; cross-wire and receiving 
screen; a lantern slide — preferably one containing black lines 
and clear spaces, for instance, a diagram ; elastic bands ; card- 
board. 

Put the 10" lens, L, at about the middle of the optical bench, 
and with the receiving screen, S, at the far end find the position 
at which the cross-wire screen must be placed so that its image 
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is focussed on the screen S. Clip the lantern slide, B, against 
the face of the 6" lens, C, with rubber bands, and replace the 
cross- wire screen by this lens and slide, so that the slide, B, may 
be in such a position that its image will be focussed on the screen 
S. Hold a piece of card, or paper, against the surface of the lens 
L and adjust the cross-wire screen at such a distance behind the 
lens C that the cross-wire is focussed at L. 

On removing the paper a clear image of the lantern slide 
should appear on the screen S, and should be evenly illuminated. 

To see the necessity for focussing the cross-wire screen on the 
lens L, cut a hole about in diameter in a card and clip the 



Fig. lot.—Path of Rays through the Optical Lantern. 


card with a rubber band against the surface of the lens L, so 
that the hole in the card may be against the centre of the lens. 

It will now be found that if the screen A be moved a little 
forward, the edges of the image on the screen S will become 
dark; whilst if the screen A be moved back to a greater 
distance from C, a shadow will form in the centre of the image 
on S. There is only one position for A in which neither of 
these shadows occur, and a very small movement either nearer 
or farther will cause them. As in the ordinary optical lantern 
the lens C has a much larger diameter, namely about 4 or 4I 
inches, this is even more noticeable than when the lens has a 
diameter of only 2 , 

If another card be cut having a hole only about in diameter, 
it will probably be found impossible to avoid shadows for any 
position of the screen A. This is due to the fact that the lens 
C does not converge the light from A again accurately to a 
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point, so that it cannot be made to go through a hole as small 
as that mentioned. And with the 4" lens at C, or Co^idenser as 
it is called, this fault is still more noticeable ; unless the lens L 
has a large aperture, it is sometimes very difficult to avoid these 
shadows. When a convex lens cannot be made to converge the 
light from a point exactly to a point again, the inability is said to 
be due to Sphencal aberration. 

The Magnifying Power of a Telescope. 

Apparatus . — Telescope \ metre scale ; a pair of dividers. 

74. First Method. — Place a metre or 2-metre scale at one end 
of a room. From the other end observe it through the telescope, 
and adjust the latter until the divisions on the scale are clearly 
focussed. Now open both eyes, and whilst looking with one eye 
through the telescope at these divisions, with the other eye look 
at the scale itself. 

A difficulty will often be found in seeing the scale with the 
one eye, and the divisions with the other, clearly focussed at the 
same time. This may be partly due to a difference in illumina- 
tion, if the objective aperture is too small for its magnifying 
power. But it is probably due chiefiy to the accommodation of 
the eye. 

When observing the divisions in the telescope with the one 
eye closed, it was possible to see them clearly when the image 
formed by the telescope was at any distance within the range of 
vision, that is for a normal-sighted person anywhere between 
8 inches and infinity, and the telescope may therefore have been 
adjusted so that the image of the scale was formed at a short 
distance. In order to see this clearly, therefore, the eye had 
to be accommodated to that short distance. When on opening 
the other eye the attempt was made to see the scale itself at the 
far end of the room, and its image at a short distance, at the 
same time, it i's obvious that the attempt must fail, as we cannot 
accommodate one eye to a great distance and the other to a near 
distance simultaneously. But if, while observing the scale in the 
telescope, we imagine it to be at the end of the room, and focus 
the telescope with this idea clearly in our minds (especially if at 
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the same time we open the other eye, and so fix the accommo- 
dation of the eye to that distance), it will be possible to adjust 
the focus so that the image shall be actually formed at that 
distance. 

The coincidence may be tested by slightly moving the head, 
still keeping both eyes open. If the image is now really formed 
at the far end of the room, a motion of the head will not displace 
it relatively to the objects situated at that distance, and the focus 
should be adjusted until this is the case. 

If now the image of the divisions of the scale do not quite 
coincide with the position of the scale as seen by the other eye, 
the direction of the telescope should be adjusted until they do 
coincide, and the number of divisions seen in the telescope 
which correspond to the w^hole length of the scale must be 
determined. 

The magnification is then obviously the length of the scale 
divided by the number of divisions it subtends in its image. 

75. Second Method. — Focus the telescope on infinity, then point- 
ing it at the sun, receive the emergent light on a piece of paper 
placed at a short distance from the eye-piece. If the telescope 
has been focussed at infinity, the light will emerge as a parallel 
bundle of rays. If a piece of ground glass be placed to cut 
the emergent bundle of light, there will be a bright circular 
patch of light on the glass. This is called the “ Ramsden 
Circle.” 

Measure the diameter of this bundle of rays and the diameter 
of the objective. 

The magnification will be the ratio of the one to the other. 

Or^ place a diaphragm over the objective, pierced with two 
small holes on a diameter at a known distance apart, Two 
bundles will emerge from’ the eye-piece which correspond to these 
holes. Measure on a good glass scale their distance apart, d^. 
The ratio of the distance apart of the holes themselves to the 
distance apart of the emergent bundles will be the magnification 



Caution . — On no account observe the sun directly through the 
telescope. 
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The Tangent Lens Gauge. 

A ver}' simple instrument for measuring the radius of curvature of 
a convex surface described by Mr. C. J. Birch, Phil. Mag.^ 1897. 

76. Appm'atus. — The whole instrument can be made from 
patent plate glass. On to a strip of about 6 inches long and 



Fig. 102. — Tangent Lens Gauge. 


ij inches broad at one end are attached, with marine glue, two 
other strips each about 2 inches long and f inch broad, making 
a small angle with one another. The instrument is showm in 
Fig. 102. The end view figure (Fig. 103) shows the way in which 
the glasses are to be tilted to one another. The two inclined 
plates will touch the lens at two 
points, and a small system of New- 
ton’s rings will be formed at each 
point of contact. 

The apparent distance between 
these points of contact is to be 
measured with a reading microscope. This will be the distance 
a. The true distance between these points will be slightly less 
than a owing to the refraction through the glass. The amount 
e to be subtracted will, however, be a constant, which can be 
measured once for all by measuring the apparent distance between 
two needle points, seen through the glass plates, and their true 
distance apart when the glass is removed- Subtracting this 
constant amount from ^z, we obtain the true distance, ^ between 
the two Newton’s ring systems. As the angle, B (Fig. 104), 
C.L G 
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between the glasses is a constant, if R is the radius of curvature 
of the surface : 

. e 

2R. sin-. 

2 

and therefore R = — tjj 

. V 

2 sin- 
2 

or putting A for ■■ ■g, which is a constant of the instrument, we 

2 sin- 
2 

may write R = A (^3: - 

The angle 0 may be found either by means of a surface of 
knowm radius of curvature, or by setting the instrument up 



vertically on the spectrometer table, and reflecting the light from 
the surfaces AB and BC in turn. The angle the telescope of 
the spectrometer has to be moved through will be 2O. To be 
certain that the reflection takes place from the front of the 
surface AB, and not at the back surface A'B', the latter may be 
breathed on to destroy the image reflected from it. 

If the angle is so chosen that a is fairly large, it may be 
measured with an ordinary glass scale with suiBcient accuracy, 
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and then the instrument becomes a very simple one and 
give better results than the ordinar}’ cheap spherometers. 

The Sertant. 

Apparatus . — A sextant, artificial horizon, and metre tape. 

The artificial horizon may be a plane mirror or piece of black 
glass, and if so, it must be mounted on levelling screws, and a 
level will be needed as well. A mercmy’ bath may be used in 
place of the mirror and level, if the observations are being made 
in a place free from vibration ; in a room in which other students 
are working, or in a town, a mercury bath is practically useless. 

77, Adjustments. — Assuming the circle to be accurately divided, 
and to be concentric with the arm, there are still several 
adjustments. 

{a) Each mirror must be perpendicular to the plane of the circle. 

iS) They should be parallel to one another when the arm is 
at the zero division. 

The axis of the telescope should also be parallel to the 
plane of the instrument. 

To see that the mirrors are perpendicular to the plane of the 
instrument, .look obliquely in the mirror attached to the arm, at 
the image of the divided circle. If the plane of the mirror is 
perpendicular to the circle, this image will appear to be a 
continuation of the circle itself. If not, the image and the 
circle will be inclined one to the other. 

Then, placing the pointer at zero, point the instrument at 
some very distant object, two images of this will usually be 
seen in the telescope at the same time, the one transmitted 
directly through the unsilvered half of the small mirror, and 
the other formed after two reflections, one from each mirror. 
If the mirrors are perfectly parallel, these two images will 
coincide. If they do not, see if they may be made to coincide 
by a slight movement of the arm, and if this is sufficient to 
produce coincidence, take the reading and treat it as an index 
error. If the reading is very much wrong, the adjusting screws 
of the smaller mirror may be altered. There are usually two 
of these; one is the end of .a tangent screw which rotates the 
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mirror on an axis perpendicular to the plane of the circle, and 
this screw \\ill adjust the index error. To adjust it, set the arm 
at zero by the scale, and turn this screw until the images coincide. 
If the instrument is held with its plane vertical, a movement 
of this screw should move the images relatively to one another in 
a vertical direction. If, while the plane of the instrument is held 
vertical, the images are separated from one another horizontally, 
the adjustment must be made by the screw at the back of this 
mirror, which alters its inclination to the plane of the instrument. 
The student should never interfere, however, with either of these 
adjustments ; he should be content with reading the index error. 



Fig, 105. — Angle between Two Distant Objects. 


78. Oraduataoa. — Let and Mg be the movable and fixed 

mirrors respectively, and E the eye-piece of the telescope; then 
when and Mg are parallel to one another, it is obvious that 
parallel rays and SgMg incident on the mirrors and Mg, 
respectively, will, after reflection, coincide in the ray MgE. If 
Ml be turned through any angle, the ray S^Mi will be turned 
through twice that angle ; thus the ray from an object S3 making 
an angle 6 with the rays from Sj will be brought into coincidence 
with the ray from when the mirror has been turned through 
an angle In order to read the angle 0 directly, the gradua- 
tions on the arm are always marked in half degrees ; thus the 
angle which, is really only 60*" is numbered 120*. The readings 
on the scale give the angle Q directly. 
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In finding the zero of the instrument, it is necessary that the 
rays and S0M.3 shall really be parallel, and it is useless, 

therefore, to attempt to adjust the instrument with an object that 
is not a very great distance— even a distance of 200 yards is 
insufficient. 

The instrument may, however, be used to find the angle bet^veen 
two objects, So and S3, if that angle is fairly large, without appreci- 
able error ; for it is ob\ious from the figure, that the angle found 
is the angle subtended at O, the point of intersection of the lines 
S3M3 and SoMo, and therefore, that if the angle 0 is of any appreci- 
able size, the position of this point, O, is practically that of the 
observer. But when S3 is very near S2, this point may be* a 
considerable distance behind the observer. 


79. Determination of the Angular Elevation of a Point. 


Let P be a point and HL the artificial horizon. With a sextant we 
can measure the angle between the lines PC and OQ. But — 
^POQ=lPOK+z.KOQ=lPOK-|-lPQL. 

If P be sufficiently distant in comparison with the length of the line 
OQ, these angles may be supposed equal, and we may assume that 
the angle POQ is twice 


the angle POK. If the 
object is not at a very 
great distance, the sex- 
tant should be used as 
near the horizon glass 
as possible, so that' the 
distance OQ may be kept 
small. 

We have first to level 
the horizon glass. If 
this is mounted on 
three levelling screws 
as usual, the level 
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Fig. 106. — Measurement of Altitude. 


should first be placed 

parallel to the line joining two of these screws, A, B (Fig. 107) and 
the horizon glass adjusted until the bubble is in the centre. The 
level should then be turned through 180“ to see if the bubble is 


still in the centre. If not, the level is not perfect, and the new 
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position of the bubble should be observed. The correct position 
of the bubble will probably be half way between this latter one 
and the former, and the horizon glass should be adjusted until 
the bubble takes this position. Again turn the level and see 
whether the bubble now is in the same place. If not, note the 
mean position, and adjust the horizon glass to get the bubble 
there. In this w^ay, ^\’ith a few trials, even if the level is not 
perfect, the horizon glass can be adjusted so that the bubble is 
in the same place in its two positions. 

Now place the level at right angles to its previous position, and 
adjust the third levelling screw C until the bubble comes to the 

place which has already been 
found to be its correct position. 
Reverse the level, and see if 
it remains in the same place. 
Once more place the level 
parallel to the line joining the 
first levelling screws, A, B, and 
see -whether it is still correct ; 
generally a slight adjustment will 
be necessary, and if so, the third 
levelling screw, C, must also 
again be adjusted. 

The bubble should now remain 
in the same place in the level however the latter is turned. If 
it is intended to use a silvered mirror instead of a black glass 
one, as the reflection will take place at the back surface of the 
mirror, either a piece of mirror whose front and back surfaces 
are parallel must be selected as described already ; or the mirror 
must be placed in such a position that the series of images formed 
by it at grazing incidence (p. 36) lie in a direction at right angles 
to the plane in which the observations with the sextant are to be 
made, for the want of parallelism will then have the least effect. 
If now the upper surface be levelled, the lower surface, although 
not level, will yet be parallel to the horizon in the plane of 
incidence. 

Holding the sextant in the right hand, with its plane vertical, 
point it down so that the telescope is directed to the image in 
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the horizon glass of the distant point the altitude of which is to 
be determined, and rotate the movable arm until the image 
formed after the two reflections in the mirrors of the sextant is 
brought to coincide mth the image formed by the horizon glass. 
If the horizon glass be only a black mirror, its image will probably 
be very much fainter than the one formed by the sextant mirrors, 
and it may be necessar}" to place one of the dark glasses in the 
path of the rays forming the latter. If the axis of the telescope 
can be moved further from the plane of the instrument so as to 
receive a greater proportion of the light through the unsilvered 
half of the small mirror, this will be a better way of equalising 
the two images. When the coincidence is perfect, the angle 
can be read upon the scale. To this must be added the zero 
error of the instrument, if there is one, with its proper sign, 
and the sum will give the angle POQ. The altitude required 
is half this. 

It is a good exercise to find the altitude of two points vertically 
above one another, and also to find the angular distance between 
the two points ; the latter should equal the difference between the 
two altitudes, and thus the observations can be checked against 
one another. 

Optical Lever. 

80. Apparatus . — This is an instrument for measuring the thick- 
ness of thin slabs, such as a piece of micro-covered glass. It consists 



Fig. 108. — Optical Lever. 


of a bar of brass, of any convenient size, say about 6 in. long and 
I in. wide, standing upon four points. Two of these are placed 
cross-wise about the middle of its length, and there is one at each 
end. One of the latter may be the point of a screw, so that the 
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amount it projects can be varied to suit the thickness of the slab 
that is to be measured. Mounted cross-wise in a vertical plane 
on the top of the bar is a plain mirror. 

A metre scale ; a telescope on stand ; and a flat surface upon 
which the lever shall stand will be required (a piece of plate 
glass does fairly well, but it is necessary to mark on the glass the 
position upon which the points shall rest, so that it may always 
rock upon the same surface, and then any slight curvature of the 
glass \\dli not affect the result). 

An optical lever about a quarter of the size above given is 
convenient for lens measurement. 

At some known distance, say a metre, the scale is put up verti- 
cally facing the mirror, with the telescope mounted horizontally 
by the side of it also facing the mirror, and adjusted so that the 
image of the scale formed by the mirror shall be in focus. A 
small weight, say lo grms., is used to put alternately on the 
one end or the other of the bar, so that it may rest at one time 
on the two centre points and the front one, or, by putting the 
weight at the opposite end, upon the two centre points and 
the back one. 

The scale readings are taken with each position of the weight 
in order to determine the amount the mirror rocks upon the bare 

surface. Then the slab, the 
thickness of which is required, 
is inserted under one of the end 
points, and the amount that the 
mirror rocks again determined 
by means of the scale readings. 

Theory . — If the thickness e of the 
glass C (Fig. 109) to be measured 
is very small the following approxi- 
mation will give sufficiently accur- 
Fig. I09.-Optical Lever. ate results. Calling the angle AQB 

between the position of the lever 
when the front point is on the slab and when the glass is interposed, 6 ; 

is given by; ^ . 

Sin 0 =-, or nearly, 

where a is the distance QO from the line joining the two central 
points to the front point Q. 
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The reflected light is always turned through twice this angle ; thus 
if d is the distance from the mirror to the scale, / the apparent move- 
ment of the scale as seen in the telescope : 

tan 2^=2^ nearly. 

Thus, e=ad=—. 

Id 

Mirrors of Fixed Deviation. 

8 1. When light is reflected successively by two mirrors inclined 
at an angle to one another, the final deviation depends only upon 
the inclination of the mirrors to each other and is independent 
of the angle of incidence of the light upon the first mirror ; also 
if the angle between the mirrors is kept constant, the mirrors 
may be rocked about their line of intersection, and if the plane 
of the incidence of the 
light is normal to this 
line, the direction of the 
reflected beam will not be 
affected by the motion. 

For if ^ be the angle the 
ray makes with the surface 
at incidence on the first 
mirror it is obvious that 
the light is rotated counter- 
clockwise through an angle 

2d. 

Also, if ^ be the angle 

the ray makes with the sur- ho.-— Socce^ve R€fleaion at Two Plane 

. ^ , Mirrors. 

face at incidence cm the 

second mirror the light is further turned counter-clockwise through 
an angle 2^. Thus the total amount the light is deviated from its 
original direction is 2$^2<j>. 

Let (a be the angle between the plane of the mirrors. Then, ci) is 
the external angle of a triangle of which 9 and <f> are the internal 
opposite angles, and therefcHre Therefore the light is turned 

through an angle 2<d. 

To ensure. that the angles b^ween the mirrors shall really be 
constant, the mirrors be the surfaces of such a prism as 
shown in Fig. xi r. In tfabe latter case, to avoid unequal deviation 
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produced by the refraction in and out of the prism, the surfaces 
must be symmetrically inclined to the light, and then it will be 
easily seen that the effect of dispersion will disappear. 

If the two mirrors are parallel to one another, and the light is 
reflected from them successively, they may be rotated in any 
direction, not only about a normal to the plane of incidence, but 
may also be turned obliquely to that plane; the light will still 
emerge parallel to the incident light, and the image of a distant 
object will not be affected by any motion of the mirrors.^ 

To bend the light through an obtuse angle or a right angle the 
light paths should be allowed to cross as in the figure. It is 

quite easy to design a prism to pro- 
duce any deviation required, for draw 
the lines AO and OB to represent 
the direction of the incident and the 
desired beam, produce the lines to 
any two points C and D, so that 
OC = OD. Join CD. Then the 
path of light should be ACDB 
obviously. Therefore, the mirrors 
must be normal to the bisectors of 
the angles at C and D, and the 
entrant and emergent faces of the prism may also most con- 
veniently be normal to the rays AC and BD. The prism can 
be completed by an unpolished surface QR. 

82. These prisms have been extensively used in range finders. 
For instance, Major Forbes has made use of this device in the 
construction of a portable range finder, which can be folded up 
without risk of making it inaccurate. In this^ instrument the light 
from a distant object falls upon two of these prisms, A and B, which 
are some six feet apart. Each is constructed to bend the light 
through a right angle, and placed so that the emergent light is 
bent inwards- Midway between them are two other prisms C, D, 
placed to reflect the light again through a right angle, along lines 
parallel to their original directions and about 2^" apart. These 

1 The emergent ray will be parallel to, but not in the same line as the incident 
ray ; thus the image of a near object is not coincident with the object, but will be 
a little to one side of it ; it is on a line thrbugh the object, normal to the mirrors, 
at a distance from the object equal to twice the distance apart of the mirrors. 
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Fig. hi. — Prism turning a Ray of 
Light at a Right Angle. 
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beams enter the objective of an opera glass. Thus the observer 
looking through the opera glass sees the distant object with an 
increased stereoscopic effect, in fact the same effect as would 
be produced if his eyes could be put six feet apart In each 
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Fig. 112.— Range Finder. 


eye-piece of the opera glass there is a photograph of a balloon 
with a trailing rope, one of vrhich, K, is mounted with a screw 
and may be moved transversely, and this transverse motion gives 
it the appearance, owing to the stereoscopic relief of moving to a 
greater or less distance from the observer. The screw is turned 
until the balloon appears 
immediately over the object 
of which the distance is re- 
quired. The screw is gra- 
duated so that its readmgs 
give the distance directly. 

The same principle under- 
lies the theory of the sextant. 

If two distant objects are 
brought into coincidence (the 
telescope being removed), it 
will be found that the instru- 
ment may be rocked to and 
fro in its own plane without 
destroying the coincidence. 

Also in the “optical square” 
this principle is employed. 

Light from a distant object 
entering along AC (Fig. 113), as before, after two reflections at C 
and D respectively, emerges along DE, and light from an object 
entering along BD goes straight throu^. Thus an eye at E can 
view both objects superposed, if D is semi-silvered, or half-silvered. 
By providing C widi a graduated screw to alter its inclination, 
angles that are nearly a right angle can be measured. 
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Selection of an Optically Flat Micro-cover Glass, or other 
Unsilvered Glass Surface. 

83. Arrange an optically flat glass plate (such as the surface of 
a prism or cube, or even a piece of plate glass) in front of a sodium 
flame. See that it is clean and free from dust. Clean the cover 
glasses, and drop them on the surface one by one. The black 
and yellow Newton’s fringes will be visible in the light reflected 
from the surface, and will generally form a pattern such as a 
hyperbola, or an ellipse, owing to the curvature of the glasses. 
A few glasses will have nearly parallel or circular fringes ; these 
should be laid aside. 

If also a thin one is desired, it can be easily sorted out from 
the others by Boys’ method of ringmg the glasses on the table, 
when, if they are all of the same diameter, the thinner ones will 
give a lower note than the thick ones. 

To Test the Optical Flatness of a Plane Mirror Silvered 
on the Face. 

84. Apparaiiis . — A good collimator and a telescope. The colli- 
mator, in place of the usual slit, should be furnished with a glass 
plate which has been silvered and had the silver removed in some 
definite manner, say a cross and circle. If the collimator and 

telescope of the spectrometer 
are sufficiently good they 
may be used provided the 
slit can be removed, but 
they generally have too small 
an aperture. A pair of good 
telescope objectives of about 
2 1" diameter and 30" focus 
would usually be better. - If 
these are mounted at the ends of boxes about 12" square inside 
and of the necessary length, they will be useful for many purposes. 
They are far better thus mounted than in tubes ; for when 
mounted in tubes there is alvsfays a large amount of light reflected 
from the walls of the tubes which no black will entirely eliminate, 
and this light is practically absent with the boxes suggested. The 
boxes can also be made at a very small cost. If the boxes are 
both the same size they can lie on the table, and whether it is 



Fig. 114. — Moimting of Collimator and Telescope. 
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desired to point them at one another or to set them obliquely, no 
other support will be ^ecessa^y^ The one to be used as a tele- 
scope should have at the eye-piece end a board, which has a tube 
fastened in it, in which the eye-piece can slide to and fro for 
focussing; and this board should be screwed on, so that it may 
be easily removed, and replaced by a camera for photographic 
work. The collimator should have in the same way a tube, which 
ought not to be less than two inches in diameter, fix^ in the centre 
of a board, in which the tube carrying the slit can be inserted, or 
in this case the tube carrying the silvered glass plate. For 
diffraction experiments another tube canying a pin-hole will be 
required. 

The mirror to be tested must be mounted on a temporary 
wooden stand that will enable it to be placed opposite the lens 
of the collimator with its plane vertical. 

85. Adjustment of CJoUimator and Telescope. — Focus the telescope 
on a very distant object through an open window, using the method 
of parallax described on page 6. Point it at the collimator, and 
adjust the silvered glass so that its cross and circle, illuminated 
by a lamp or gas flame behind, shall be in perfect focus as seen 
through the telescope. 

Unless the lenses are good so that the silvered glass seems 
quite sharply defined, the test cannot be properly made. If the 
definition is not good to begin with, the lenses may be examined 
to see if they have been screwed up too tightly in their mount, 
which would strain them and spoil their figure. 

It is important to see that each lens is truly perpendicular to 
the line joining its centre with the centre of the eye-piece or the 
glass plate, as the case may be. Replace the glass plate in the 
collimator by a pin-hole, upon which a strong light is focussed, 
and observe the image of the pin-hole through the telescope ; if it 
shows any flare to one side, looking something like a comet, it is 
probably because one or both of the lenses are out truth. 
Remove the eye-piece and look at the series of images of the pin- 
hole formed by reflections at the surface of the collimator and 
telescope lenses. These should all lie in one straight line. They 
must be adjusted until the images are peifectly coUinear. Instead 
of a pin-hole, the image in a bicycle ball or in the spherical bulb 
of a mercmy therwput^# of a such as that 
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from an incandescent gas flame emerging from a small circular 
aperture, may be used. When properly adjusted the image of 
the point of light should appear as a point surrounded by circular 
diffraction fringes. If these rings are imperfect, or if there is a 
flare on one side, the lens must be again adjusted until this 
disappears. If the axes of the lenses are not at the same level 
the definition cannot be made perfect. 

Now turn the tubes so that their axes are at right angles, and 
adjust the mirror to reflect the light from the collimator into the 
telescope. If the mirror is flat, the image will be still perfectly 
sharp. 

86. Bayleigli*s Method. — An unsilvered glass surface can be tested 
as follows : Thoroughly clean the surface with repeated washings 
with a solution of caustic soda and nitric acid, used alternately, 
rinsing with clean water between each. Set it up on levelling 
screws, with the surface to be tested upwards and horizontal. 
Pour upon it a very small quantity of clean water, and observe 
the reflections of a sodium flame from it. It will show “ Newton’s 
rings,” and if the surface is optically flat these will be in straight 
lines except at the edges. If it is required to test the surface 
right up to the edges, it must be set up in a trough, and water 
poured in until the surface of the water is just above the surface 
to be examined. A very steady support is absolutely necessary 
for this experiment In a town or near a railway, the trough can 
be placed on a stone slab supported upon tennis balls, or on a 
coil of rubber tubing, or suspended by ropes ; this will reduce the 
tremors which would otherwise disturb the surface. 

ADDITIONAL EXERCISES ON CHAPTER IV 

1 . Place a mirror on a drawing board as in Experiment i, and 
insert pins P, Q, R, and S, as in Fig. i, to appear in a line. Turn 
the mirror AB through an angle of about 30^, and insert two more 
pins, R', S', to appear again in a line with the pins P, Q. Measure 
the angle the mirror has been rotated. Measure also the angle 
between the line joining the pins R, S, and the line joining the pins 
R', S'. See that the latter angle is double the angle the mirror is 
turned through. 

2 . Make a mirror about 2 inches in diameter with fusible metal, as 
described in Experiment, § 60, with a central hole of about ^ inch. 
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in diameter, and of from lo to 20 inches radius of curi'ature. Make 
also a concave and a convex mirror of about ^ inch in diameter, and 
3 or 4 inches radius of curv'ature. fThese can be cast on ordinary 
spectacle lenses.) 

Set up the larger mirror to form an image of a distant object (a 
^ndle dame) on a screen, and so determine the position of the image. 
Place the concave mirror at a litde more than its focal length beyond 
this image, and adjust it to form an image in the hole in the larger 
mirror. Examine the latter with an eye-piece. 

This forms a model of Gregory's telescope. 

3 - Repeat the adjustments, replacing the small concave by the small 
convex mirror, and of course placing the latter mirror at a little less 
than Its focal length in front of the image formed by the larger mirror. 

This forms a model of Cassegrain^s telescope. 

i. Adjust a short focus convex lens (about 6 inches) and a plane 
mirror to form an image of the cross-wire, as in Exjjeriment, § 43. 
Rotate the mirror through angles of 5, 10, 15, 20, etc, degrees, and 
measure the displacement of the image in each position of the mirror. 
See if they are proportional to the rotation of the mirror. 

5 . Replace the combination of convex lens and plane mirror by 
a concave mirror, and repeat 

Plot the results of both Exercises 4 and 5 on squared paper. Also 
plot the tangents of half the angle the mirror was turned through 
(from the table on p- 514) ; of the angles 2|", 5", 7J", io\ See that 
the displacements with the concave mirror are proportional to these 
tangents. 

6. Find the magnifying power of the microscope by comparing the 
image of a scale seen through the microscope with ano’&er scale seen 
directly at the same time with the other eye, the second scale being 
placed at a distance of about 10 inches. Of course, in making Ibis 
comparison, the microscope must be so focussed that the image of 
the scale seen through it is formed at a distance of 10 inches, and not 
at infinity to see if this is so, move the head slightly to and firo side- 
ways — the image should not be displaced relatively to the scale seen 
with the other eye. 

7 . Clamp a re<^ngular plate-glass mirror on a stout board in such 
a way as to bend its surface, one pair of opposite comets being pressed 
dovm, while the other comers are wedged up slightly. Set it up 
facing a window at a distance of some tea feet . Observe at a distance 
of two or three feet the image of the window. Note and explain die 
distortion produced. 

8. Hold a piece of window glass at ann*s length so as to form, by 
oblique reflection, an image of a lamp-shade. Observe the ai^>earance 
of the image. Repeat with a piece of plate-glass, and a piece of 
optically worked glass. This gives a ready method k roughly testing 
the quality of a sujnfec^ 



CHAPTER V 

DEVIATION AND DISPERSION OF LIGHT 

Spectroscope. 

Apparatus . — Two glass prisms;^ three convex lenses of 6, lo, 
and 1 5 inches focus respectively ; stands for same ; metal screen 
with a slit in it about i mm. broad and i or 2 cms. long ; metal 
screen with circular hole 2 mm. diameter ; screen to receive the 
spectrum ; gas flame ; a piece of black card ; and blocks. If 
the stands for the lenses are not adjustable, the blocks must be 
of such a size that the centres of the lenses, prism, slit, and the 
gas flame shall be all one height. 

87. To Produce a Spectrum. First Method. — Place the flame 
behind the slit, and the lo-inch lens at about 12 or 13 inches 
distant from the slit. Adjust the screen to receive a sharp image 
of the slit. Interpose the prism. The light will be cut off from 
the screen. Keep the distance from the prism to the screen the 
same, and move the screen round until the light which has been 
bent aside by the prism is once more received upon the screen. 
It will be found to be coloured. If the distance from the prism 
to the screen has been kept exactly the same, the upper and 
lower ends of the coloured band will terminate sharply, the 
distance should be adjusted until this is the case. 

Notice the order of the colours, and see which colour has been 
most bent aside, red or violet. 

Slowly turn the prism round. The coloured band will move 
sideways on the screen to the left, perhaps, then become 


iSee footnote, p. ^ 
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stationary, and then move back to the right See that in the 
stationary position it is less bent than in any other position. 
Notice also that in this position the colours are brighter and 
clearer than in any other position. This position of the prism 
is called one of minimum deviation. Cut a slit about a quarter 
of an inch broad in a card, and with the prism at minimum 
deviation, move the card to and fro across the face of the prism 
on which the light is falling. Notice that the coloured band, or 
spectrum as it is called, shifts sideways slightly, showing that the 
different parts of the prism produce coloured bands on different 



Fig. 1 1 5. — Model of Spectroscope. 


parts of the screen ; thus the band, when the whole prism is used, 
really consists of several superposed bands, and therefore at any 
point there are several overlapping colours. The spectrum is 
not pure. This is because the light falling upon the prism is not 
parallel light : it is convergent; and therefore it is falling upon a 
prism at different angles, and, as we saw by rotating the prism, 
the deviation produced by the prism depends upon the angle 
at w^'hich the light strikes it. It is therefore impossible with 
convergent light to obtain a spectrum free from overlapping 
colours — that is, a pure spectrum. 

88. Second Method. — Place the lo-inch lens at its focal length 
from the slit. To do this experimentally, focus the slit as before 
on the screen with the lens at about 12 or 14 inches distance 

C.L. H 
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from the slit. Gradually withdraw the screen, adjusting the lens 
at the same time to keep the slit in focus, until the screen has 
been removed to the far end of the room. In order to see the 
image at this distance it will be necessary to shade the screen 
unless the experiment is conducted in a darkened room. The 
light from the lens is now very nearly parallel. 

Place the prism to receive it. To make sure that the light 
is really falling on the lens and prism, a piece of white paper may 
be held in turn against their surfaces. 

The prism will deviate the light, and the 15-inch lens is to 
be put to receive the deviated light. It may be placed at any 
distance from the prism that is convenient ; for as the light from the 
first lens is supposed to be parallel, the distances of the prism and 

second lens should not 
matter; but practically, it 
is well to keep them fairly 
close to one another. To 
see that the light from 
the prism is really going 
through the centre of this 
lens, again make use of a 

Fig. of Model Spectroscope. C, slit ; pi^Ce Of white paper. 

Li» lo^inch lens; La, is-inch lens; P, prism; Lastly, adlUSt the SCreen 

S, receiving screen. - ' 

to receive the spectrum, 
and move it nearer to, or farther from, the lens until the top 
and bottom of the coloured band are as sharp as possible. On 
rotating the prism, it will be found that the spectrum again 
moves to and fro sideways, reaching a stationary position at 
which the deviation is less than at any other — the position of 
minimum deviation. Set the prism to this position, see that 
the light is going through the centre of the second lens and 
that the image is properly in focus. (If, owing to the length 
of the slit, the top and bottom cannot be clearly focussed, 
place a piece of paper against the slit to cover up the lowef 
half, and focus the edge of this by adjusting the distance of 
the screen.) 

The colours will be more brilliant than they were in the fjrst 
method, as the overlapping should now have ceased. To see if 
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this is the case, again slide a card with the slit in it to and fro 
across the face of the prism. If there is any movement of the 
spectrum, it shows that the first lens has not been properly 
adjusted for parallel light. 

89. The following experiments are all due to Newton (though he 
used sunlight). They require a room that can be darkened. 

i. Effect of Crossed Prisms. — Adjust the apparatus as in § 88, to 
obtain a bright spectrum on the screen S, substituting the screen 
wnth the 2 mm. hole for the slit. Then introduce a second prism 
with its axis horizontal so as to refract the light upwards. Note 
that the spectrum is not raised equally, but that the violet end is 
raised higher than the red, and that the resulting spectrum is formed 
along a line inclined to the horizon. Note that the colour that suffers 
the greatest deviation in the first prism is also most de\iated in the 
second. Note also that the second prism does not decompose the 
colours of the first spectrum a second time ; for instance, the yellow of 
the first spectrum is not spread out vertically into a spectrum, but only 
raised vertically, and it remains yellow. 

ii. Recompositioii of Wldte lagiit. — Obtain the spectrum as in § 88, 
using the slit again. Then place tbe 6" lens L3 exactly where the 
screen S was. Cut a hole carefully 2 cms. square in a black card 
and place it between the prism P and the lens Lg, with its edges 
horizontal and vertical respectively. Adjust the screen S to receive 
the light from Lg, at the conjugate focus of the card. A rectangular 
patch of light wall be formed on S. As the lenses are not achromatic, 
it will probably have coloured edges, but by slightly tilting the lens Lg 
this can be corrected and a clean image produced. If the aperture in 
the card is not too long and is evenly illuminated, and if the lenses Lg 
and Lg do not cut off any of the light, the patch on the screen S should 
be white. Interpose a card at Lg to cut off some of the light {e,g, the 
red end of the spectrum formed there). The patch wdll appear coloured, 
and the colour will vary with the amount and the colour of the light cut 
off. This experiment shows that white light results from a mixture ci 
all colours. Look through a second prism, held near the eye, at the 
patch of white light formed above on S, it will be drawm (Hit into a 
spectrum ;• this show^ that the recomposed white behaves just as 
the original white* 

iii. Cut . a conlb out cff card with teeth about 2 cms. broad, 6 cms. 
long aiid 2 cms. apart. Set up fee apparatus of the last experiment 
(ii)y and hol(&^ fee- c<Hnb just in frwt of the lens Lg slowly move 
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it along. The colour of the patch will pass through a series of 
changes as each tooth is moved across the lens. Move it to and fro a 
little more rapidly, and the colours will succeed one another rapidly. 
Lastly, if it be mo^’ed quickly to and fro the colours of the patch 
will succeed one another so rapidly that they will be all superposed 
by the persistence of -vision, and once more the patch will appear 
white. 

iv. The Colours of the Spectrum cannot be again decomposed. — This 'has 
already been showm by one method in Experiment i. 

Set up the apparatus as in § 88 to form a spectrum. Replace the 
screen S by one with a 2 mm. hole. At about 12" distance put the 
6" lens L3, then the second prism and the screen S beyond at such 
a distance that the lens L3 shall focus the hole on S. 

It will be found that only a nearly circular image of the hole will be 
formed on S of the same colour as the light emerging through the 
hole, and that it is not drawn out into a spectrum. Now, either by 
rotating the first prism, or by moving the first slit, cause the different 
colours of the spectrum to pass through the hole in turn. In each 
case the final image on S will be of the colour passing through the 
hole — and not a spectrum — and the position of the image will vary 
on S moving to right or left according as the more refrangible light 
(the violet) or the less refrangible (the red) is caused to fall on the 
hole. 

Lastly, when some colour (say the green) is passing through the hole 
and being imaged on S, without disturbing anything hold a lighted 
match in front of the hole in the middle screen, so that its light 
may form a spectrum on S, and note that the position of this colour 
(the green) in the spectrum coincides exactly with that of the green 
from the original light. 

V. Form the spectrum as in § 88 on the screen S. Look at this 
spectrum through the second prism with its refracting edge parallel to 
the edge of the first. If the prism is at the right distance from 
the screen the image of the spectrum will be reduced to a line again, 
and that line will be white. The easiest way to understand this, 
is to remember that if white light which was proceeding to a line at 
S fell upon the prism it would form a spectrum, and therefore, 
reversing the path, light proceeding from the spectrum, and falling on 
the prism, will emerge as if it came from S. 

vi. Set up the apparatus as Experiment i, but using a screen with 
^0 holes on the same horizontal line and about 2 cms. apart. In 
place of a single spectrum there will now be two spectra which are 
end to ^nd in the swe horizontal line until the second prism is 
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inserted, and then each spectrum will be raised. Note that the yellow 
of each spectrum is raised by the same amount. 

vii. In the same experiment, instead of insertin^^ the second prism in 
the path of the light, hold it in front of the eye with its refracting edge 
horizontal ; the effect on the spectra is the same. 

viii. Put two isosceles right-angled prisms with their h>"potenuses in 
contact on a small piece of board. Set up the apparatus of § 88, and 
insert this compound prism in place of the prism of that experiment. 
In a certain position of the compound prism, part of the light will go 
through, and part will be reflected at the hypotenuse of the first 
prism. Put screens to receive each of the beams. They will not 
be spread into spectra, but wdil each be coloured, the colours being 
complementary. 

The Spectrometer. 

Apparatus . — The spectrometer consists of a collimator, the 
function ‘of which is to parallelise the light; the telescope rotating 
round a graduated circle; and a table also furnished with a 
graduated circle, upon whdch the prism or other apparatus is 
placed (Fig. 135). 

90. Essential Parts. — The Collimator. This usually consists of a 
brass tube varying in length from 8 inches upwards, furnished 
at one end with an achromatic objective and at the other writh a 
slit. The latter is mounted on a tube sliding in the main tube. 
The sliding tube should be furnished with a rack-and-pinion 
motion, by which the slit may be adjusted at the upper face 
of the iens.^ The slit must have good edges which are usually 
made of steel. These should be examined occasionally, and 
rubbed with an oily rag. A V is usually mounted outside the 
slit to limit its len^h vertically. A small right-angled prism is 
mounted on a movable arm that may be swung in frcmt of the 
lower half of the slit ; and thus the Ught from a jflame placed to 
one side of the end of the collimator, can be reflected down 
the tube, at the same time as the light from another flame, 
directly in front of the tube, passes through the upper half of 
the slit. The collimator is usually mounted rigidly upon the 
stand of the instrument. The lengths of die collimator tubes 
must be such that tte sHt can be placed at the focal plane of 
the lens. 

1 In many iostrumeats a rack h put on tfie teiesoope tube and <»nitted from the 
colSmator. It is us^ess, howea^; to be able to focm the t^escope unless the 
coQiniator can also be 
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The Telescope is an astronomical one, furnished at one end 
with an achromatic objective of the same diameter as the colli- 
mator. The eye-piece required for most purposes is a positive 
Ramsden eye-piece, which should slide smoothly in its tube and 
be focussed upon a fine cross-wire. The tube containing the 
eye-piece and cross-wire is moved by a rack and pinion. The 
telescope is mounted on an arm which rotates round a vertical 
axis, and in the best instruments is balanced. The arm in the 
cheaper instruments is nearly ahvays too weak. The position of 
the telescope is read on a divided circle by a vernier (or preferably 
by two verniers at opposite ends of a diameter). 

The Table of the instrument rotates, and its position is also 
read by a vernier on a divided circle. It should have a ‘‘ hole, 
slot, and plane” upon which the prism table may be placed. 
This will allow of the prism table being moved and replaced in 
the same position. 

91. Simple farm of Spectrometer for elementary students, A 
collimator and a telescope can easily be set up on two bases 



Fig. 117.— Simple mounting for Spectrometer. 


similar to those described on page 53. The slit and the eye- 
piece can be fixed to the base, and only the lens be on a 
sliding stand, which should be heavy. The bases of these and 
of a stand for a prism can be connected as shown to form a 
simple spectrometer. The bases for this purpose should, how- 
ever, be much narrower — say 2^ to 3 inches wide. Two large 
bicycle balls, about 2" diameter, are inserted in a tongue of wood 
about thick, projecting from the end of the telescope base, B. 
One of these rests in a small brass washer, inserted in a tongue of 
wood projecting from the base. A, of the collimator. The other 
forms one support for the prism stand, C, which has a similar 
washer inserted in it. The three bases stand on a plate-glass 
mirror, D. Each base rests on two balls besides that forming the 
axis. A ball is attached with cement to the middle of the glass 
surface on which A rests. A divided paper circle is carefully 
cut out, so that the divisions just come to the edge of the paper, 
and is attached to the glass with a few spots of paste ; if pasted 
all over the paper would swell. It is very important that the 
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scale shall be concentric with the ball. A fine wire stretched 
between two stout pins driven into the sides of the stands wdll 
enable the angles to be read to the fifth of a degree, by making 
the wire appear to coincide wdth its image seen in the mirror. 
Or a piece of celluloid, cut from the “film” used to support a 
photographic negative, can have a fine scratch made on it with 
a sharp knife, and be attached to the bases. If the scratch is on 
the lower side of the celluloid, and the latter is lightly pressing 
on the paper scale, no mirror is necessar)\ There should be no 
difficulty with such a pointer in reading to a fifth of a d^ee. 

Adjustment of the Instrument, The Maker’s Adjustments. 

92.’ The table and its divided circle should be parallel to the plane 
of the divided circle of the telescope ; the axis of the latter should 
be perpendicular to and concentric with its divided circle. The 
axis of the telescope should be perpendicular to its axis of rota- 
tion, and on the same horizontal level as that of the collimator. 
When pointed at the collimator the tw'o axes should be collinear, 
and should cut the axis of rotation of the telescope arm. These 
last adjustments are usually effected by screws, and they may 
be tested by placing a piece of parallel glass, silvered on one face, 
on the table, and illuminating the cross-wire, which must be 
horizontal for this purpose. By setting the mirror perpendicular 
to the axis of the telescope, an image of the cross-wire can be 
formed upon the cross-wire itself. Rotate the telescope in its 
tube through 180®. If the cross-wire is truly in the axis of 
the telescope, the image will 
still be formed upon the 
cross-wire. If not, the cross- 
wire must either be adjusted 
or the amount of the displace- 
ment noticed and allowed for. 

The true position of the cross- 
wire is half way between 
the cross-wire and its image 
formed after the telescope has 
been rotated. If the table be now rotated through an angle 
of 180®, the image will again coincide with the cross-wire if 
the adjustments w^re perfept, but if the , telescope had be^ 



Fjg. ixS. — M, nuiror mount^ aa taWte and ad- 
justed pcrpendknlar to the aids of the telescope. 
M% the same mirror after the table has been 
rotated i8o*. 
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inclined to the axis of rotation of the table, the image would 
now be displaced by four times the amount of this inclination, 
as can be seen from the accompanying diagram. 

The adjusting screws should therefore be altered until the 
telescope is moved through a quarter of this amount, and the 
observation repeated. If the axis of rotation of the table co- 
incides with that of the arm carrying the telescope, the adjustment 
will remain correct at all positions of the telescope. ^Vhen the 
axis of the telescope has been adjusted that of the collimator 
can be adjusted from it by pointing them at one another, and 
attaching a hair to the slit at such a height that its image is 
formed on the cross- wire. Now rotate the collimator in its 
bearings through i8o®, and see if the hair still coincides with 
the cross-wire. 

The above adjustments shoidd not be mterfered with by the 
ordmary student, certainly not without special permissio?i from the 
demonstrators. 

93. Furtlier adjustments. The CoUimator and Telescope liave each to 
he focussed for parallel li^ht. 

First Method. — Point the telescope through a window at a very 
distant object, and focus it approximately with the rack. Owing 
to the power of accommodation of the eye, it is possible to see 
the cross-wire and the image of the distant object independently, 
and yet be unable to see them distinctly at the same time. 
Beginners usually find this the case,* it is because the observer 
knows that the cross-wire is close to him, and therefore only 
focusses his eye to view a near object when he wishes to look at 
it. On the other hand, he will focus his eye at infinity when he 
wishes to observe the distant object; with the result that its 
image will not be formed in the same plane as the cross-wire. 
He must try to imagine the cross-wire to be stretched over the 
distant object while he focusses it. In making the final adjust- 
ment, it is best to use the method of parallax, and to move the 
eye to and fro as far as the aperture of the eye-piece will allow, 
and see if the cross-wire shifts over the image. 

If two students are working together at the instrument, they 
will frequently find a slight difference in their sight, so that after 
one has focussed the instrument, the other will not find it correct. 
If, however, the image of the distant object has really been 
focussed upon the cross-wire by the first observer, it is obvious 
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that the adjustment of the e3’e-piece, which would bring the cross- 
viure sharply into focus for the second observer, should make the 
distant object distinct at the same time ; so that if the cross-wire 
has once been set at the principal focus of the objective by one 
observer, no adjustment of the focussing screw of the telescope 
should be made by the second observer. All that he will have 
to do will be to adjust the eyefiece to suit himself, and this will 
not at all interfere with the adjustment for parallelism. Thus, if 
each observer in turn adjusts the eye-piece to suit himself, he 
will be dealing with p^llel light so long as the cross-wire (that 
is so long as the focussing screw) is left untouched. 

Now point the telescope directly at the collimator, illuminate 
its slit, and adjust the length of the collimator tube until the slit 
is sharply focussed, again using the method of parallax to make 
sure that the slit and cross-wire are in the same plane. Then, as 
the telescope has been focussed for parallel light, that issuing 
from the collimator must be paralleL 

second Method. — If the cross-wire of the telescope can be illumi- 
nated, point the telescope at a plane mirror, so that the image 
of the cross-wire after reflection in the mirror may be formed in 
the tube of the telescope. If the mirror is normal to the axis of the 
telescope, and if the telescope is focussed fc«r infinity, so that 
the light striking the mirror is parallel (and therefore the rays all 
perpendicular to the mirror), it will be refiected as a bundle of 
parallel rays, and be focussed again at the principal focus of the 
lens. Thus the image of the cross-wire will be formed upon 
itself. The telescope must be adjusted until this image does 
coincide with the cross-wire itself. 

If there is no means provided for illuminating the cross-wire, 
by removing the eye-piece and using a piece of unsilvered gla^ 
to reflect the light down the tube, an image of the cross-wire will 
be visible, and by the method of parallax can be brought to co- 
incide with the original It is difficult, however, to obtain good 
results in this way. 

TMrd Method. — ^Interpose a bi-plate (p. 272) between the colli- 
mator and telescope. If both telescope and collimator are 
focussed for parallel light the slit will remain sharp and single \ 
but if the light is divergent or convergent the bi-pkte will produc^ 
two images of the slit. The focus must then be adjusted until 
the two images- coincide. 

Fourtai Method. Shoster^ MeQiod. — When a beam of light goes 
symmetrically through a prism it also goes through wiffi a 
minimum deviation. 
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Let ABC be a prism, and consider the bundle of rays converging 
to O falling upon the face AB. Let P2Q2R2S-2 be the ray which passes 
through symmetrically, and therefore with a minimum deviation. Had 
the deviation of the other rays been equal, the}^ w'ould, after refraction, 
converge to a point O2, but as the deviation of PiQi is greater than 
that of P2Q2 it will converge to a point O^, and as the deviation 
of P3Q3 is greater than that of P2Q2 R meet R2S2 at O3. 

Thus a convergent pencil PiOP2 falling upon a prism with a less angle 
of incidence than that required for minimum deviation will be more 
convergent after emergence than before ; wLilst a convergent bundle 



Fig. iig. — Deviation through^a Prism of a Convergent Beam of Light, 


P3OP2 falling upon the prism at an angle greater than that for 
minimum deviation will be less convergent, — or more nearly parallel. 
In the same way, by drawing a figure for a divergent pencil, it can be 
seen that this also will be more nearly parallel after passing through 
the prism if it is incident at an angle greater than that for minimum 
deviation. Suppose, then, we place such a prism on the table of the 
spectrometer, and using sodium light, we turn the telescope to view 
the slit through the prism. If the light from the collimator is either 
convergent or divergent, after it enters the telescope it will be more 
nearly parallel than that leaving the collimator, if the light from the 
collimator strikes the prism more obliquely than it should for minimum 
deviation ; so that we have the following method for adjusting the 
instrument for parallel light. 

Place the prism in such a position that the light from the 
collimator falls upon its face more obliquely than it should for 
minimum deviation, and focus the telescope upon the slit ; it will 
be more accurately adjusted for parallel light than the collimator 
is. Without moving the telescope, rotate the prism, and when the 
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light is striking it more directly than for minimum deviation, an 
image of the slit will once more be formed in the field of the 
telescope. This time the light from the collimator, after passing 
through the prism, will be less parallel than that leaving the 
collimator, and the image of the sUt \^ill be out of focus. But if 
this time the collimator is focussed (the telescope not being 
touched) until the slit is once more distinct, the light leaving the 
collimator, as we have seen, will be more nearly parallel than that 
entering the telescope ; so that now the collimator is in better 
adjustment than the telescope. By again turning the prism so 
that the light from the collimator falls upon it obliquely, and this 
time focussing the telescope, its adjustment will be still further 
improved. In this way, by alternately focussing collimator and 
telescope, they may be adjusted as accurately as is required- (If 
the adjustments are made in the wrong order, the telescoi>e when 
the prism is in the position for the adjustment of the collimator, 
and vice versd^ the definition wdll so rapidly become worse that the 
mistake cannot fail to be recognised.) In the final adjustment of 
the telescope, to see that the slit is really focussed in the same 
plane as that of the cross-wire, make sure that there is no relative 
displacement of slit and cross-wire as the eye is moved to and fro 
across the field of the eye-piece. 

94. To adjust tile Prism so tHat ^ Befiractmg Edge may iDe Parall^ to 
ttie Axis of taie instmnieiiit. — Let BAC be the prism and A the angle 
to be determined. 

Place it upon the levelling 
table with one face of the 
prism, such as AC, perpen- 
dicular to the line joining a 
pair of the levelling screws, 

Sj, Sg. Place the table on 
the spectrometer resting in 
the “hole, slot, and plane,” 
with the edge A opposite 
the collimator, and the faces 
AB and AC makijig as 
nearly as possible equal 
angles with the axis of the collimator, so that the light issuing 
from the collimator may be divided into two approximately equal 
beams, one reflected from each fece of the prism. Turn the 
telescope to receive one of these reflected beams. If there is any 
difficulty in finding the image of the slit formed by this beam, 
turn the telescope aside and look in the fece AC, as in a mirror, 
when an image of the slit will be visible aloi^ the line PQ (this 
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image will generally seem to be indistinct ; it is formed by parallel 
light, and therefore will only be clear to an eye focussed for 
parallel rays, and as the observer knows the slit is actually at a 
short distance he finds this difficult to accomplish). 

The image of the end of the telescope can always be clearly 
seen, and from that, the image of the slit may generally be easily 
found. Then, without moving the head, swing the telescope 
round until it is in a line with the eye, and the slit should be in 
its field of view. 

If the face of the prism AC is truly perpendicular to the plane 
of the instrument, the image of the slit will be formed in the eye- 
piece at the same height as if view^ed directly. If this is not 
the case, one of the screws must be rotated until it is at the same 
height. AC, the face which w^as set perpendicular to the line S1S2, 
is the face which must be adjusted first. 

Now turn the telescope to receive the beam reflected from AB 
and adjust the screw S3, until the image is the right height. It 
will be seen that the screw S3 will rotate the face AC in its own 
plane, and therefore not interfere with its adjustment. It is well 
to test this by once more turning the telescope to receive the 
light from AC. If this is not quite correct and a screw has to 
be moved, the face AB must be adjusted once more with the 
screw S3. 


Measuieinents. 

95- To measure the Angle of the Prism, isf Method. — Turn the 

telescope to receive the light 
reflected from the face AB, and 
read its position with the vernier. 
Then turn the telescope to receive 
the light refracted from the face 
AC, and again read its position. 
As LP is parallel to L'P', and 
the angles of incidence and 
reflection are equal, it is easily 
seen from Fig. 120 that the angle 
between PQ and P'Q' is exactly 
double the angle A ; thus the 
angle of the prism is half the 
difference between the readings of the vernier when the telescope 
is at PQ and P'Q' respectively. 
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2nd Method , — Instead of reading the angle through which the 
telescope is moved, the telescope may be kept in the position PQ 
and the prism rotated until the light is reflected from the face AB 
in the same direction as PQ. This time the angle of the prism 
w 411 be 180® minus the angle the prism has been turned through. 
To obtain equally powerful beams for the two reflections, the 
prism must be drawn back until the edge A is over the centre of 
the table, as indicated by the dotted lines A'B'C (Fig, 12 1). 

As in these experiments the reflections from AC and AB use 
different bundles of rays from the collimator, it is obvious that 
unless the light from the collimator is truly parallel the results 
obtained will be incorrect ; therefore, not only must the collimator 
be focussed for parallel light, but its lens must be practically free 
from spherical aberration. The same thing is true of the telescope. 

96. Determisation of tLe Deviatioii prodaoed by a Prism, azid 
of its Refractave Index. \si Method . — It is shown in boc^s on 
Geometrical Optics that the 
deviation of a ray of light in 
passing through a prism is 
least when it passes through 
the prism symmetrically. 

Let PBCQ be such a ray 
passing through the prism 
ABC, and AOM a line 
bisecting the angle A. Then 
BC is perpendicular to AM. 

Produce BO to R ; the angle 
ROQ is the deriation S, and, therefore, OBC=iS. If NN' be the 
normal at B, the angle N'BM is half the angle A of the prism, for it 
equals the angle MAB* 

Now sinf 

^~sin r 
sin PBN 
“sinMBN' 
sin OBN' 

“^sin MBN' 

_ sin^(8-t-A) 

sin^A 

As we have already determined the angle of the prism, A, if we can 
flnd Bj we shah able to obtain the rehactive index frtHn this formula. 
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To obtain the minimum deviation, 8 , produced by the prism, 
set up the prism on the instrument as directed in Experiment 
§ 94 with the edge A vertical, and place it so that the light from 
the collimator falls upon the face AB in some such direction as 
PB, then the end of the collimator tube will be visible on looking 
through the prism along the line QO. 

Using this as a guide, seek for the slit, the telescope being 
turned aside. Notice in what direction it appears to lie (for 
instance, that it appears to coincide wnth some object on the 
wall of the room). Turn the telescope until it is pointing in 
this direction; on looking through, the slit ought to be visible. 
The deviation produced by some of the heavy glass prisms 
(which have generally a yellowish hue) is very considerable, it 
is often, therefore, larger than the student expects. 

On rotating the prism the image will appear to move across 
the field. If the rotation is continued and the image followed, 
it wrill be found that as the prism is rotated past the position of 
minimum deviation, the slit moves up to a certain point and 
then comes back again. This point should be found carefully 
and the cross-wires placed upon it. The prism will now be in 
minimum deviation and the position of the telescope must be 
read upon the divided circle. 

Remove the prism, point the telescope directly at the colli- 
mator, set the slit upon the cross-wire, and again read its position. 
The difference between these readings is the deviation produced 
by the prism. The refractive index is found by substituting in 
the above formula. 

Another Method^ suitable only for Prisms of Small Angle , — As an 
exercise it is useful to find the refractive index when one face of the 
prism is placed perpendicular to the axis of the collimator. As the 
light from the collimator will strike the prism directly, it may be 
looked upon as one half of the prism ABC (Fig. 122), namely, such as 
a prism AMC, — the entrant light being represented by the line BMC, 
and the emergent ray by CQ. The deviation and the angle of the 
prism will be half that of the prism ABC. Thus, if A' and S' be 
the deviation and angle of this prism, the refractive index is given by 

sin(y-t-A) 
sin A' 
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To perform the experiment, point the telescope directly at the 
collimator and take the readings. Turn it through 90“, using 
the divided circle, and clamp it Set the prism up, and reflect 
the light from the collimator, by the face, AM, down the tele- 
scope, and adjust the image of the slit on the cross-wire. Turn 
the prism through 45", using the divided circle, so that the face, 
AM, shall be perpendicular to the collimator. Now set the tele- 
scope to receive the light that has traversed the prism, and so 
obtain the deviation. The angle of the prism must be found as 
in the previous case. 

97. To find Hie Befractive Index of a Litmid. — Apparatus , — For this 
we shall require a hollow prism. 

The hollow prism should have the faces movable, so that it 
can be easily cleaned. It usually consists of a triangular block 
of glass, through which a cylindrical 
hole is drill^. On each face a 
piece of worked glass is held in 
place by a pair of rubber bands. 

It is important that these fe.ces 
shall be of parallel worked glass. 

To. see if this is the case, set up 
the empty prism and look directly 
through it, and adjust the telescope 
in a line with the collimator. 

Remove the prism and see if there 
is any displacement of the slit. If 
not, the faces are paralleL If the 
faces are not parallel, the deviation Fig. 123.— Hollow Prism f<»- a Liquid, 
must be reckoned from the position 

of the slit as seen through the prism, and the angle of the 
prism taken to be that of the central block of glass. If the 
surfaces of this block are sufficiently well-polished to use them 
as the reflecting surfaces, it is best to determine the angle as 
described above, using the reSec.lions from these surfaces. If 
not, the plates must be put into position, and two images wil 
be seen on each side, one due to the front, and one due to the 
back surface of the plate. ‘If the prism can be clamped sufficiently 
securely for the pkte to be reversed, the image due to the front 
surface of the plate will have shifted, and can thus be distinguished 
from that due to the back surface. Otherwise the prism may be 
partly filled with water or any other similar liquid, when the 
image from the back surface will be rendered or mtb 
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mercur}^ which will make it brighter, it can thus be distinguished 
from that formed by the front surface. It is the image of the 
back surface whose position must be determined in finding the 
angle of the prism. If the plates are squares, and the two 
surfaces, which we are supposing to be not parallel to one another, 
meet in a line parallel to one edge of the plate, this edge should 
be made horizontal as the want of parallelism will not then affect 
the result. It is easy to see in which direction the surfaces will 
meet together, by observing the images of a distant flame viewed 
very obliquely, as already described on p. 36. The line of images 
must be vertical in the prism as put together. 

A very fair home-made prism can be constructed by cutting a 
piece of stout glass tube and grinding with turpentine and coarse 

emery cloth to an angle of about 
60°. Use for the faces two pieces 
of patent plate selected by the 
method on p. 36, as nearly parallel 
as possible. If these plates are not 
quite parallel, turn them until the 
line of images they form of a distant 
flame is perpendicular to the refract- 
ing edge of the prism. A small hole 
for introducing the liquid into the 
prism should be bored through the 
top of the tube with an ordinary 
watchmaker’s drill, using plenty of 
turpentine. Tbfe- prism must be set 
up, and its refracting edge adjusted 
parallel to the axis of the instrument as already described for the 
ordinary prism. 

Except that the deviation must be measured from the position 
of the image of the slit with the empty prism inserted, and that 
the inner faces of the glass plates are to be used in determining 
the angle of the prism, the irieasurements are similar to those 
already described in Experiment, § 96. 

98. To map the Spectrum formed by a Prism. — By this is under- 
stood the determination of the positions in the spectrum of the 
lines of known wave-length, a curve then being drawn on squared 
paper, plotting as abscissae the readings of the instrument, and 
as ordinates the wave-lengths of the corresponding lines. 

The best lines to select will depend upon the source of light 
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available. The lines of sodium, lithium, thallium, potassium can 
be obtained with the ordinary" Bunsen burner. If an induction 
coil and hydrogen tube are available, it will give three, in the 
red, blue, and \iolet, respectively, which are exceedingly useful. 
Calcium, barium, and strontium give so many lines that they are 
practically useless to a beginner, as he is unable to identify them. 
It is very difficult, indeed almost impossible, for a single student 
to observe more than the sodium, lithium, thallium, and hydrogen 
lines. For the potassium ones, two persons are required, one to 
feed the salt into the flame, and the other to make the observa- 
tions. The sodium line (or lines if the resolution of the prism is 
sufficient to separate them) having been determined with the 
prism at minimum deviation, the next easiest will be the lithium 
lines. A small quantity of lithium chloride is to be placed in the 
flame, either by heating a piece of platinum wire, and dipping it 
whilst still hot into the salt, when sufficient will adhere to the 
wire for the purpose, or the salt may be placed upon a piece of 
gauze in the same w^ay as the sodium is usually supplied- A red 
and an orange line are usually visible. The Bunsen flame must 
be supplied with a large amount of air so that it may give a high 
temperature, or the salt will not be volatilised. Potassium gives 
two lines, a red and a violet one ; neither of these can be seen at 
all easily. The best results can be obtained with nitre. A piece 
of fine straight wire is heated and dipped into powdered nitre, 
then held in the edge of the flame. The nitre will melt to a kind 
of bead, and then suddenly burst into flame. It is only 'while 
this flame lasts that the lines are bright enough to be seen. The 
violet line is so far in the extreme violet that students often do 
not move the telescope far enough to get it in the field. It is 
only after a large number of these flares has been produced that 
the readings can generally be obtained. The lines are very 
valuable to a b^inner, being quite unmistakable and ^ving the 
positions of the extreme ends of the spectnim. For the other 
metals mentioned, the heated wire is dipped .into its chloride and 
held in the flame. Thallium giv^ a very useful line in the green, 
and strontium in the blue. 

If an arc lamp is availabie, it should be focussed upon the slit 
with a lens {its own condenser will do). The carbcms must be set 
up vertic^ly and considerably so that m image is formed 

of the space between the carixms. The salts may then be fed 
with a spare carbon, in the arc a line practically 

identical with tiie blue faa Ms^ie^uin gives three 

C-L. \ % 
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nearly identical lines in the green. Neither of these is visible 
with the ordinary Bunsen, as the temperature is not high enough. 

For the hydrogen lines, the hydrogen tube must be connected 
to an induction coil, and mounted vertically so that its narrow 
part may be opposite the slit. On working the coil, the hydrogen 
lines will be very easily found, and their p>ositions can be read, 
then the curve may be drawn through the lines obtained. 

Enter the results thus : 


Line. 

Reading. 

Wave- 

length. 

Square of Wave 
Number. 

Source of Light. 

Ka, Di . , . 

_ 

5889 

2883 *4 -10® 

Bunsen 

p:. . . 

— 

5896 

2876*8 ,, 

»» 

Li, red . . . 

— 

6708 

2222*2 ,, 

9 9 

01 ange 

— 

6102 

2685*6 ,, 

Arc 

blue . 

— 

4603 

4719-6 „ 


K, a red . . 

— 

7680 

1695-4 >, 

Bunsen 

7 violet 

— 

4045 

6109-3 .. 

»» 

Vacua n tube 

H, a red . . 

— 

6563 

2321-6 ,, 

green . 

— 

4860 

4231-2 ,, 

»» »» 

7 blue . . 

— 

4340 

5309-3 .. 

»» »» 
Bunsen 

Tl, green 

Mg, green . 

— 

S3SO 

3492-8 „ 

— 

5183 

3722-5 „ 

Arc 


— 

5172 

3738-3 .. 

79 

Sr, blue . . 

— 

5167 

3745-5 .. 

99 

— 

4607 

4710-5 .. 

1 Bunsen 

Ca, blue . 1 


4227 

5597-0 „ 



On a piece of squared paper plot a curve with the readings of 
the instrument along the horizontal line and the wave-length 
vertically ; also plot a curve on a second piece of squared paper 
giving the readings horizontally, and the squares of the wave 
numbers vertically. This curve will be found almost a straight 
line, and therefore is much more easily drawn accurately. Any 
reading that is not very approximately on the line should be 
repeated, as it indicates an experimental error. With the aid of 
either of . these curves, preferably the latter, the wave-length of 
any ulrknown line. can be determined, and therefore the line can 
be identified : if, for instance, strontium or barium be put in the 
flame, each of which gives a large number of lines, the readings ^ 
for some of these, lines may be taken and the lines identified bv 
the table at the end of the, book. 
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99. Tlie CkmstantB of Gaizcb7*8 Formula, — Adjust the prism to be 
examined on the table of the spectrometer, set it to minimum 
deviation with the sodium flame, and take the reading of one or 
both of the lines. Now replace this by a hydrogen tube, and 
taking the red hydrogen line readjust the prism for minimum 
deviation, and set the cross-wire on the line. 

Observ^e the deviation. Repeat this for the blue hydrogen 
line. 

Measure the angle of the prism and calculate the refractive 
index for each line. Then w^e have 

, I ' 

1 I 

V" V 

From which, on substituting the values of i and from the 

table (page 130), d is easily found. 

Substitute the value for ^ in either of the equations and get a. 

Other Methods of Determining the Be&active Ind^ 

100. Tne ijtCLex of refrac^^ of a prism hy eritieal (Kohl- 

rausch). — Remove, the slit from, the collimator. Place a sodium 
flame in its usual petition, and ^j^iace: 
the prism oh the table of die ' 

meter with one face parallel to the. tube / 
of the colliu^or, ,its base towards the 
collimator. Brmg.. the telescope rc^iid 
to look through the prism and receive 
the Hght which is refracted through it 
It WiB be fdithd 'that in ' a der^n ' posi- 
tion half the held br^t^ the 

other h^ dark,' the dividing Ifae being 
vertiegd as in 1%. 125, Adjust the telescope on this line and 
take 
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If the collimator can be rotated, bring it round together with 

W the flame without mov- 
ing the prism until the 
light falls at grazing 
incidence on the other 
face of the prism. 
Again place the tele- 
scope to receive the 
light refracted from the 
prism, but of course 
this time emerging from 
its first surface, and 
adjust the cross-wire 
upon the line dividing 
the field into dark and 
light. 

If the angle turned 

Fig. i=6.-RrfTaction Index of a Prism. through by the tele- 

scope be W, and the angle of the prism A, the angle the telescope 
made with the normal to either surface,. a, is given by 
a«9o“-J(W-hA). 

The refractive index is given by 

2 _ /cos A - sin g y* 

sin A / 

If the collimator cannot be rotated, it will be necessary to 
rotate the prism and allow for the amount it was rotated in 
determining the angle through which the telescope is turned, W. 
Or the collimator may be removed and a simple flame and lens 
used, the two being so adjusted as to cause a slightly convergent 
beam to fall at grazing incidence upon each surface of the prism 
in turn. 


/x2 ~ I = 


* If ^ is the critical angle, sin ^=-. If r is the angle of refraction in the glass 

at the second surface, r— A Then, by Snell’s law, 

sin a=/x sin r=/ct (sin xj/ cos A - cos xp sin A) 

= cos A ~ sin AV^cS- i 

• — cos A — sin a 

vm2-i= : — I • 

^ sm A 


0 
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101. The refraefelTe index of a liq^oid fixmi tbe critical an^a Woolas- 
ton*s Metiiod. — A drop of the liquid is placed upon the hypotenuse 
of a right-angled glass prism, of which ail three faces are polished. 
The prism is placed on the table of a spectrometer and the 
image of the slit formed by internal reflection at that surface is 
obtained. Remove the eye-piece from the telescope, replacing it 
by an ocular slit, and rack it in rmtil the slit is at its principal 
focus, when the whole of the objective of 
the telescope will appear illuminated. (The 
collimator slit may be opened rather wide.) 

The drop of liquid will be visible as a dark 
spot on the field, for the light will be trans- 
mitted there and will not suffer total reflection. 

By incr e as in g the angle of incidence until the 
critical angle firom the glass to the liquid is 
reached, total reflection will occur here also, 
and the whole field will become equally 
illuminated. The exact angle at which this 
occurs must be determined. 

Let PQRST be the path of the light through 
the prism. The angle between PQ produced 
and ST, that is the angle LOT, is the angle 0 
between the telescope and the collimator. If the 
angles at A and B are each 45% the lines PQ 
and ST will be equally inclined to the plane AB, Fig. 127. 

and therefore the angle of incidence, ^ at Q, is 
given by z=45® — Frc«n this and the refiactive index of the 
prism, /V, supposed known (it must be independently determined), 

the angle of refiaction can be calculated frinn The angle 

incidence at R wiU be this angle of refraction, plus 45“. 

Thus sin(r-i-45“) = ^^ = — , 

/V 

where fi* and axe the refractive indices of the liquid and glass 
respectively, llie method does not give very good results, as it 
is difficult to say exactly wh^ the tc^ refection occurs. 

102. the has® of the prism of Fig. 126 is 
polished, attach a piece of risssro paper to it. (If it is ground. 
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this is not necessary.) Place a sodium flame to illuminate the 
base, turn the telescope to view the light emerging from one 
surface of the prism after reflection at the other surface, and 
adjust the cross-wire upon the dividing line between light and 
dark as before. The light will be reflected at the critical angle. 
Take the reading. 

Then turn the telescope to receive the light emerging from the 
second surface, which has been reflected from the first. Apply 
the formula of § roo. 

Let a drop of liquid be placed against the surfaces when the 
reflections take place at those surfaces respectively. Remove 
the eye-piece and observe the surface of the prism through an 
ocular slit placed at the principal focus of the lens. Adjust 
the telescope until the drop of liquid just disappears in each 
case. The obtained, using the same formula as before, will 
be the ratio of the refractive index of the prism to that of the 
liquid. 

To find the refractive index of the liquid relative to air, multiply 
the II thus obtained by the known refractive index of the prism. . 


103. Differential Prism of Hallwachs and Tomoe. — This consists 
essentially of a small vessel with parallel glass faces, which is 

divided by a plate of parallel glass 
' • into two parts, as in the figure. The 

faces of the trough are ground to a 
matt surface on the left side of the 
partition, so that only diffused light 
enters or leaves the trough i. 

It is placed on the table of the 
spectrometer so that light shall enter 
the back of the vessel normally. Two 
liquids of slightly different refractive 
indices, such as, for instance, water 
and a salt solution, are placed in the 




Fig. 128.— Differential Prism. 


two parts. It is obvious that light will 
come directly through, but there will 
also be a beam of light refracted from 


the trough at a small angle. For suppose the liquid 2 to have 
slightly higher refractive index than i, then a ray of light ab in 1, 
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which is parallel to the glass plate AB, will be refracted into 2, 
forming at c the critical angle, and will finally pass out to the 
air in a direction DE, making an angle a with the normal. 

If fii and /xg be the refractive indices of the liquids in i and ■ 2 
respectively, the critical angle at c is given by 

sin 

iH 

As this angle is the complement of the angle at ^ for the refraction 
into air, we have 

sin g _ 
cos<f>~^ ’ 

therefore sin® a— fjJ . cos® 



V 0 


and if the index pj is known this will determine /ig. 

In using the instrument, the collimator is removed from a 
spectrometer, and its place taken by a simple convex lens some 
two inches diameter, and say ten inches focus. This is put at 
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such a distance from the spectrometer that the image of a sodium 
flame beyond it is roughly focussed on the objective of the 
telescope. The differential prism is placed upon the ordinary 
prism table, so that the partition is in a hne with the centre of 
the laia The telescope is turned and so adjusted that the 
cross-wire of the telescope is upon the vertical line that divide^ 
the field of view into light and dark halves. To be sure that 
this gives the true direc^on, the flluminating lens is moved to 
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and fro sideways, or the instrument rotated to and fro as a whole, 
when the cross-wire should not shift relatively to the line dividing 
light from dark. 

The prism must now be turned through i8o“, and the tele- 
scope again adjusted until the edge of the shadow coincides with 
the cross-wire. The angle between the two positions of the 
telescope will be 2 a. 

It is very important that there shall be no dirt in the angles 
between the dividing plates AB and the front and back surfaces 
of the trough- 

104. Refractive index of a liquid lyy the method employed in the Ahh^ 
Refractometer. Clay's Method. — The essential part of this instrument 
is a combination of two similar right-angle prisms of highly 
refractive glass, which have acute angles of 45“; a drop of the 
liquid to be examined is placed on the hypotenuse of one of 
the prisms, and the hypotenuse of the other prism is then placed 
upon that of the first, so that the two prisms together form a 
rectangular block of glass. 

If a beam of parallel light be supposed incident upon one end 
of this block, and the block be slowly turned so as to vary the 
angle of incidence, as long as the incidence upon the interface 
takes place, at an angle within the critical angle, the beam will 
be transmitted and emerge from the other end of the block. But 
if the incidence is made more oblique, at a certain angle (if the 
liquid has a lower refractive index than the glass) total reflection 
will take place, and no light will emerge from the end face. 

If therefore a telescope focussed at infinity be arranged to 
receive the light emergent from the prisms, and the block be 
adjusted so that the incidence on the interface is just at the critical 
angle for light originally parallel to the axis of the telescope (and 
therefore also finally since the end faces of the block are parallel), 
the field of the telescope will appear half light and half dark, 
the dividing line being vertical if light from an extended source 
be used, or if a slightly divergent or convergent beam is used. 

It may not at first sight appear obvious that there should be a 
sharp line of division between the light and the dark. 

It must be remembered that while a beam of parallel light parallel 
to the axis of the telescope converges to the axial point A of the focal 
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plane of the objective, another beam of parallel light that is oblique to 
the axis, such as PjO', QiO, R]0", will converge to a point Aj, on the 



focal plane on one side of A, and a third beam PjO', Q 2 O, R^O" 
inclined to the opposite way to the axis will converge to a point Aj, on 
the other side of A. 

I^ therefore, the first beam just strikes the interface at the critical 
angle, one of the others — for instance that converging to A^ — will be 


incident at such an angle that 
it is transmitted, and A^ will be 
bright The point Ag would have 
been the focus of the beam that 
is totally reflected, which there- 
fore does not emerge from the 
glass block nor fall upon the tele- 
scope. The point A^ will thus 
be dark. Thus the whole field 
on one side of A will be dark, 
and that on the other side of A 
will be bright 

Let S be the angle of incident 
at P, r the angle of refraction at 
P. Let a be the inclinative of 
the surfetce AB to AD. Then 
the angle AQP is a — r. This is 
the complement of the critical 
angle, when PQ is the limiting 
ray. Let fig be the refractive k 
and /A the refractive index of 



the liquid between the adjacent 
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hypotenuses AB of the prisms ACB and ADB (which it is required 
to find). 


Then 

Also 


sin Cr== cos (a - r) = 


sin 9 
sin r 


'~P'9 i 


1^3 


fjLg cos {a- r) 





sin^ 6^ + sin a — sin 6 


= cos -sin^ 6^+sinttsin 0. 


If a=45®, jM.=^{N//x^^-sin^ ^+sin ^}. 

Thus as a and [Xg can be determined once for all, if 0 is measured 
for any given liquid /x can be calculated. 


105. Apparatus . — The ordinary spectrometer may be used with a 
pair of similar right-angle 45" prisms ; the prisms must be polished 
on all three faces. The liquid must have a lower refractive index 
than that of the glass. A sodium flame, and a convex lens two or 
three inches in diameter will be wanted. 


Clamp the prism ACB to the spectrometer table by a clamp at 
the right angle C. Holding the table and prism in the hand so 
that AB is horizontal, place a little liquid (water for instance) on 
the face AK. Now put the hypotenuse of the other prism ADC 
on AB, so that the liquid is squeezed out and covers the whole 
interface AB. Place the table carefully on the spectrometer. 
Place blocks against the faces AC and BD to cut off stray light. 
With the aid of the convex lens illuminate the prism by a slightly 
convergent beam from the sodium flame, falling about normally 
upon AC. Place the telescope, focussed for parallel light, to 
receive the light emergent from BD. Rotate the table with the 
prisms, and find the position for which the vertical dividing line 
between light and dark is on the cross-wire of the telescope. 
Read the position of the table. 

Now remove the blocks and place them against BC and AD; 
rotate the table counter-clockwise, so that the light may fall upon 
AD and emerge from CD. Adjust until the dividing line of the 
light and dark fields is upon the cross-wire, and again read the 
position of the table. 



DEVIATION AND DISPERSION OF LIGHT 


139 


From the formula a table can be constructed for the pair of 
prisms used, which gives the refractive index corresponding to 
each value of the angle between the two positions of the 
prisms. For instance, if the prisms are made from Schott’s 
glass, No. 41, O.4113, of which 1*7172, the following is the 
relation : 


<!> 

+ 24 

+ 18 

+ 12 

+ 6 

0 

-6 

e 

33 

36 

39 

42 

45 

48 


1-5367 

1-5566 

'•5747 

1-5924 

1-6064 

1-6202 


- 12 

-18 

-24 

-30 

-36 

-42 

e 

51 

54 

57 

60 

63 

66 


1-6323 

1-6430 

1-6525 

1-6608 

1-6679 

1-6742 


From the calculated values, a curve can be plotted giving the 
corresponding values of and ft. 

106. By this method very accurate determinations of the refractive 
index can be obtained by the use of quite rough apparatus as below. 

On a board about 7" x 1 5" is mounted a small fixed telescope 
T furnished with a vertical cross-wire. A short metal rod is fixed 



T 


Fig. 13a* — Simple form of Clay’s Refractometer, 



in the board at O, so that it is in line with the axis of the telescope. 
A paper scale, divided to degrees, is attached , to the board with 
drawing pins with its centre at O. A thin .board about 4" square 
(depending on the size of the paper scale) rotates rather tightly 
on 0 to form the prism table. It can be kept clear of the paper 
scale by three bone buttons attached to it at the corners D, E, F. 
The rotation of the board is read by two small pieces of celluloid, 
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C (cut from a photographic “ film” negative), which are attached to 
the under side of the table, and which have a scratch on their lower 
side. These pieces of celluloid can be cut with a pair of scissors 
or a penknife, and can be attached to the table with screws or 
tacks. Or the celluloid can be inserted in a dovetail groove cut 
in the underside of the table. The celluloid should press lightly 
on the paper scale where the scratch is. The position can be 
read to a fifth of a degree. By using two such celluloid pointers 
at opposite ends of a diameter of the scale, errors of centering 
will be eliminated. 

The apparatus is pointed at a sodium flame. The prism is 
placed on the table with its diagonal in a line with the telescope, 
and the nearest angle almost on the axis of rotation of the table. 
Place blocks A and B (match boxes will do) against two opposite 
faces, and rotate the table until the edge of the shadow coincides 
with the cross-wire. Take the reading by both pointers. Change 
the blocks and repeat with the beam through the other pair of faces. 

If the layer of liquid between the two halves of the glass cube 
is not very thin, or if the refractive index of the liquid is not 
perfectly uniform, the edge of the shadow will not be sharp. 

The method is very sensitive. Thus the refractive index in 
the example given changes from 1*6323 to 1*6430 for a rotation 
of 6®, or 1° corresponds to a change of *0018, and as a fifth of a 
degree can be estimated, when the shadow ends sharply the 
refractive index can be found to *0004. 

It is obvious from the figure that the angle <l> that the table 
has been turned through, is given by 



(Note.— I f is greater than 90’, 6 is negative, and therefore, 
sin 9 in the formula is negative.) 

Then if is the refractive index of the glass, that of the liquid 

is given by «}. 

If the spectrometer table has no scale, the telescope may be 
moved instead, but of course the flame and converging lens will 
have to be moved also. 
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If the refractive index of the liquid is high compared with that 
of the prisms, the table may have to be rotated clockwise to obtain 
the second reading. In this case is of course negative. 

107. Refractive index of a liquid by ttie method employed in the 
Pulfricbt Refractometer. — This instrument, like the Abbe’s refract o- 
meter, makes use of the critical angle at the interface between the 
liquid and a known block of glass — a cube in this case — to find the 



refractive index of the liquid. The glass must again have a refrac- 
tive index higher than that of the liquid. Thus the essential part 
of the apparatus is a glass cube (preferably of dense glass of high 
refractive index) of which two adjacent surfaces AB, BC must 
be optically flat and at right angles to one another. The comer 
A can be slightly rounded. A piece of glass is cemented on AD 
projecting a little beyond A as shown. A few drops of the 
liquid of which the refractive index is required are placed in 
the comer A. 

Light from a sodium flame S is rendered slightly convergent by 
a lens L and falls on the comer A approximately in the direction of 
the face EB. It enters the liquid, and some is refracted into the 
block. The line EF, which makes with the normal EN an angle 
equal to the critical angle from liquid to glass, is the limiting 
direction of the light refracted into the block: Thus if a telescope 
focussed at infinity is directed along FG — the emergent ray 
corresponding to EF — half the field of the telescope will appear 
bright and half dark. 

Let a be the critical angle NEF from the liquid to the glass. 

Then sina=?~j 

where fx and fig are the refractive indices of the liquid and the glass 
respectively. 
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Let Q be the angle the emergent ray, FG, makes with the surface 
BC. Then 

cos d—iigcos a 


/jt. = N//x/ — COS' 6 . 


,.(i) 


If no liquid is put in the corner A, the field will obviously be half in 
shadow for a value of 6' given by 

cos ^ a/ I ^ n/ju/ - I 

or /x/~ i+cos (ii) 

Thus fjLg itself can be determined. 


io8. Apparatus , — The spectrometer; glass block as above de- 
scribed; sodium flame; convex lens of say 8 or lo inches focus, 
and support for same ; liquid of which refractive index is required. 

The experiment can be performed on the spectrometer. Focus 
the telescope and collimator for infinity. 

Set them in a line, and take the reading of the telescope. By 
means of the scale turn the latter through some known angle — 
say 90®. Now place the block on the table with the, surface BC 
about the centre of the table, and adjust it so that the image of 
the slit shall be on the cross-wire. 

The angle GFC which the telescope now makes with the face 
BC is of course half the angle between the illuminator and tele- 
scope— say 45*. If, therefore, the block is clamped in this position, 
the angle which the telescope makes with BC in any further 
measurements can easily be found. 

Set up the sodium flame in a line with BA; at a distance 
from the flame a little greater than its focal length, place the 
convex lens so as to throw a slightly convergent beam on the 
comer A, 

Move the telescope until the field is half in shadow, with the 
dividing line between light and dark on the cross-wire. Take 
the reading, and (knowing the reading when the angle CFG was 
45*) calculate so determining ^he equation 

- I 4- cos^^^. 
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Carefully insert a few drops of the liquid in the angle A without 
disturbing the position of the prism, and again adjust the tele- 
scope, until the line dividing light and dark is on the cross-wire, 
and so find 6. 

Then ft. =; Jfi/ - cos^O, 

The refractive index of a crystal or other transparent solid can 
be found if it has a plane surface. Place this surface on the face 
BA with a drop of cedar oil or monobromonaphthaline between 
them, and find the position of the dividing line as before. The 
light must be focussed on the interface BA between the block 
and the crystaL There may appear only a band of light ; if so, 
care must be taken to use the right dividing line between bright 
and dark. To make sure that the nght one is being observed, 
slightly move the lens or the light ; the dividing line should not 
move. 

109. Refractive Index of a IdqLnid by cliange of Focal len^rtb of Lens. 
—Aj>parafus.--'BKonvtx lens about 6" focal length, small plane 
mirror, a stand carrying a horizontal needle, of 
which the • height above the ^ table may be 
varied; water, and a little aniline or other 
liquid. 

Lie the mirror on the table on its back and 
place the lens upon it. By the method of 
parallax adjust the needle to coincide with 
its image as seen through the lens by reflection 
in the mirror.^ Measure the distance of the 
needle from the lens, dy 
' Now insert a little water between the Tens 
and niirror. 

Again adjust the needle to coincide with its 
image and measure its distance’ from the 
lens, ^ 2 *. - . 

' Lastly; dry the lens and' mirror, insert a little 
apilirie, and find the^ new distance of the needle from the lens, 
at which it coincides'-with'its- image, 

• } The be- made with -the optic^ bench as in Experiment §43, the 

5pirrar beicg th^,Jei^ by a p^ir p| rubber Jbands, the poww of the lens 

dry and with each liquiddn turn being found as there directed. 



Fig. 134.— Refractive 
Index of a Liquid.. 
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Then it can easily be proved, that the insertion of a liquid 
between the lens and the mirror decreases the power of the lens 

by an amount where jj. is the refractive index of the liquid 

and r the radius of curvature of the lower surface of the lens. 

Thus in this case, if and are the refractive indices of 
aniline and water respectively, we have 

I I 

^1 4 

no. Determination of the Befjractive Index of a Glass Prism by the 
angle of Polarisation by Reflection. — Place the ‘prism upon the table 
of the spectrometer, and using a sodium flame observe the image 
of the slit formed by reflection from one of its surfaces through 
a double image prism placed in front of the eye-piece of the 
telescope. There will be two white images of the slit ; the double 
image prism must be so placed that these two images are on the 
same horizontal level. Then one will be formed of light polarised 
in a horizontal plane, and the other of light polarised in a 
vertical plane. The light reflected from the glass will be partially 
polarised in a horizontal plane by the reflection. If the table be 
now slowly rotated and the images followed by the telescope, one 
of the images formed by the double image prism will become 
fainter and at one position of the prism will vanish altogether, 
the whole light being now concentrated in the other image. 
When this is the cas^, the polarisation by reflection must be 
complete, and the light is falling on the prism at the polarising 
angle. The angle between the axes of the collimator and 
telescope is therefore double this polarising angle* Read the 
position of the telescope.^ Several independent readings should 
be taken, both the prism and the telescope being disturbed 

1 There should be no ambiguity in this, as the double image prism will fonn 
two images of the cross-wire as well as of the slit, and if either image Is placed 
upon its corresponding cross-wire, the other image will also be found to coincide 
with its cross-wire. To make sure that there has been no mistake, remove the 
double-image prism for a moment, and see if the image of the elk is upon the 
cross-wire. 
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between each reading. Now point the telescope directly at the 
slit, the angle it has to be moved through will be 180^ minus 
twice the polarising angle, which latter can therefore be 
calculated. 

The refractive index is given by Brewster’s law, 
p. = tan L 


ADDITIONAL EXERCISES ON REFRACTION 

1. Stick a narrow strip of white paper on a black card. Hold a 
prism close to the eye, parallel to this strip, and look at the strip 
through it Make a drawing of the appearance, indicating which edge 
of the strip appears red, and which blue. Draw a diagram of the 
course of rays through the prism to explain the colour. 

2. Draw a thick black line on a white card, and examine it with a 
prism held parallel to the line. Make a drawing showing which edge 
of the line appears red, and which blue. Draw a diagram to explain 
this appearance. 

3. Look at a distant window through a prism, and slowly rotate 
the latter. The window sometimes appears coloured and more or 
less indistinct : at other times, perfectly distinct, and free from colour. 
In both cases, the image moves as the prism is rotated. Note, and 
explain, the direction of motion in each case. Has it anything to do 
with minimum deviation ? 

4. Replace the screen in Experiment, § 88, by an eye-piece, or a 
very short focus lens. The spectrum, as seen through either of these, 
will be found exceedingly brilliant. 

5. Replace the screen by a plane mirror, or, better, by a concave 
mirror, of a radius of curvature equal to the focal length of the second 
lens. The light forming the spectrum will be reflected back. Turn 
the mirror until the reflected light passes once more through the 
system. It will be focussed on the screen ; the image will practically 
coincide with the . original slit, and should be free from colour. 
Rotate the mirror — it will not displace this image. 

Between the Slit and the first lens interpose a silvered mirror at an 
angle of 45* to receive about half the beam. This part of the beam 
will now be reflected off at right angles, and may either be received 
on a screen or examined in an eye-piece. It will be practically white, 
although, owing to the imperfection of the lenses, the edges will be 
coloured. • 

Pass a knitting needle slowly across the spectrum near the mirror. 
It will cut oflT the colour in a part of the spectrum only ; the image of 
the slit will" become beautifully tinted, being formed by those colours 
which are left. 

C.L. K 
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6. Replace the screen of Experiment, § 88, by a convex lens, of 
large enough diameter to include the whole of the spectrum ; place 
the screen at a little more than its focal length distant from this 
lens, and adjust it at the conjugate focus of the prism. In this 
position, a rectangular patch of light will be formed upon the screen, 
which should be white and evenly illuminated. (If only the vertical 
edges are coloured, the colour can generally be removed by slightly 
inclining the lens.) 

Pass a knitting needle over the surface of the lens, the colour of 
the patch will change as the knitting needle obstructs different parts 
of the spectrum. Should sufficient light not be obtained to see the 
patch on the screen, an eye-piece may be substituted. 

7. Place a , piece of coloured gelatine in .the path of the light 
through the spectrometer. A dark band will be formed in the 
spectrum, whose position and extent will depend upon the colour of 
the gelatine. Set the cross-wire of the telescope, successively, upon 
the places where this band begins and ends, and take the scale 
readings. Estimate as nearly as possible the diminution of brightness 
caused by the gelatine along the spectrum. (This is the most easily 
done if the gelatine is placed close in front of the slit and covering 
only its lower half.) Plot the scale readings horizontally, and let the 
vertical height represent the apparent brightness of the spectrum. 


The Dispersive Power of a Prism. 

III. to.— Spectrometer ; prism; Bunsen flame; salt; 

lithium chloride ; nitre ; thallium chloride ; magnesium chloride ; 
strontium chloride ; an arc light if available ; a hydrogen tube, 
and an induction coil to work it. 

Definitions , — The dispersion produced by a prism is the differ- 
ence between the deviations of two known colours. 

The dispersive power of a given variety of glass is the ratio of the 
dispersion produced hy a prism of small angle to the deviation it 
produces. 

The reciprocal of the diversive power is more useful and is 
denoted by the letter It is often called the “ v nhmher ; it 
may be termed its asperslvity.” 

It is obvious that the dispersion, and therefore also the 
dispersive power, depend upon the colours selected. For most 
purposes yellow and blue are selected ; the sodium line- and the 
blue hydrogen or strontium line may therefore be used. 

jBxperiment.'-^Adjnst the prism for minimum deviation as in 
Experiment, § 96. Determine the deviations of the following lines 
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as on page 129 (the results of that experiment may of course be 
used) : Sodium ; lithium, red and blue (or strontium blue) ; 
Hydrogen, red and green. 

Subtract the deviation of the red from that of the blue line, 
and divide it into the deviation of the yellow line; thus obtain 
roughly the aspersivity from red to blue. To obtain it accurately, 

calculate the several refractive indices, then v — 

In the same way obtain the aspersivity from red to green and 
green to blue, each time using in the numerator the refractive 
index of the yellow. 

If possible repeat with other varieties of glass : especially use 
ordinary crown and flint glasses. 

Reversal. 

Al^sorptlon by sodium vapour of the D lines in a continuous spectrum. 

1 1 2. Apparatus . — Arc light and condenser; spectrometer, the 
telescope, furnished either with an eye-piece or with a lens to project 
the spectrum on a screen; ground glass screen; Bunsen flame; 
wire gauze and metallic sodium ; a square of thin glass. 



•Fio. ijs. — KevcrsaJ of the Sodium Lines. 


Mxp^nment . — Project the image of the crater of the arc upon 
the slit of the spectrometer with the condenser, arranging the 
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distances so that the angle subtended at the slit by the condenser 
may equal that subtended there by the lens of the collimator; 
then the light from the condenser will just fill the collimator lens. 
The collimator must be adjusted as usual for parallel light, and 
the screen properly focussed. A continuous spectrum is produced. 
Put a piece of metallic sodium about the size of a pea on the 
edge of the wire gauze and put it in the flame of the Bunsen 
burner, placed just beyond the slit of the collimator between the 
slit and the arc. (A sheet of glass must be interposed between 
the flame and the slit to save the latter from the fumes of the 
sodium which are very injurious to the metal work.) A dark 
band will appear in the yellow of the spectrum, which sometimes 
extends a considerable distance beyond the D lines owing to the 
large amount of the sodium vapour present. But as the flame 
dies away, the D lines alone appear as two clear black lines on 
the bright spectrum. 

Interpose a card between the arc and the sodium flame, see 
that the black lines are suddenly exchanged for two bright lines 
and occupy exactly the same position. Or arrange the com- 
parison prism to reflect the light from a sodium flame through 
the upper half of the slit and see that the dark lines in the arc 
spectrum are exactly collinear with the bright ones of the sodium 
flame. 

It is said to be possible to perform this experiment by surrounding 
the arc itself by a vessel containing the metallic sodium, so that the 
sodium flame immediately surrounds the arc ; but it is not easy to do 
it this way, as the sodium interferes with the arc. 

Spectrum Photography. 

1 13. Apparatus . — Source of light, preferably, an arc lamp; the 
spectrometer may be used, but better results can be obtained 
with the boxes described on page 108. 

The eye-piece of the telescope is removed and a small camera 
substituted. The distance from the objective to the plate must 
be capable of being adjusted and also the inclination of the plate 
to the axis of the tube, for by setting the plate at an angle with 
the axis it is generally possible to improve the definition, as the 
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objective supplied with the instrument is not usually corrected for 
the violet end of the spectrum. If a photograph of the continuous 
spectrum is required, the crater of the arc, or the lime if an oxy- 
hydrogen jet is used, is focussed upon the slit 

The distances of the arc and lens should be so adjusted that 
the angle L^SLg subtended at the slit by the lens (Fig. 136) is 
equal to the angle C^SCg subtended by the lens of the collimator. 
If this is the case the whole surface of the collimating lens will be 
lighted up, and at the same time the internal reflection from the 



Lg 

Fig. 136. — Illumination of Collimator by an Arc. 


tube of the collimator will be diminished. It is therefore neces- 
sary, as a rule, to remove the arc to some distance from the 
collimator. To focus the spectrum it is best to obtain a bright 
line spectrum by separating the carbons, the plate being adjusted 
until the lines are sharp throughout the length of the spectrum. 
The time of exposure will depend upon the width of the slit and 
the magnification. It will probably be from 5 to 30 seconds. 
To obtain the bright line spectrum, the carbons should be vertical 
and separated. This time, with the ordinary tube spectroscopes, 
great difficulty will be caused by the internal reflections in the 
tube of the collimator from the arc crater. To diminish this, 
a stop should be placed over the slit to reduce its vertical 
height, so that the light from the crater may not enter the tube 
at all. 

With the ordinary spectrometer it is impossible to obtain a 
good spectrum photograph. There is always a very large amount 
of reflected light. This is because the tubes of both collimator 
and telescope are made only a little larger than the diameters of 
their lenses. For good work these should be very large indeed, 
and the best form of collimator for photographic purposes is 
the cubical box, blackened inside with the slit and lens in the 



TREATISE ON PRACTICAL LIGHT 


150 


centre of opposite faces', as described on p. 108. Even; then the slit 
must not be mounted in a harrow tube. If it is wished to be able 
to focus it, it should be mounted in a tube 2 or 3" in diameter. 
With such a box, internal reflection is reduced to a minimum. 
In the same way the telescope objective and the photographic 
plate should be at opposite ends of a large box. When these 
boxes have been adjusted , for minimum deviation, they may be 
screwed down to the table with small angle pieces. 

During the exposure, the space between the collimator and 
telescope lenses must be covered in to exclude the scattered light 
in the room. 

It is useful to have some fixed reference mark to enable the 
spectra to be readily compared with one another, and their 
position easily identified. A needle point attached to 'the fixed 
frame that carries the dark slide at the position of the D line is 
very useful for this purpose. 

Hydroquinine forms a clean and convenient developer for this 
work. Pyro-soda may also be used. The spectra should be 
taken on orthochromatic plates, and a yellow solution will be 
required to equalise the exposures required for the violet and 
for the other parts of the spectrum. A solution, of auramine in 
a glass cell will do all that is required, and its strength can be 
adjusted to anything desired. It should be inserted between the 
arc and the slit. Photographs should be taken of ; 

1. An ordinary spectrum. 

2. A bright line spectrum. 

3. An absorption spectra side by side with ’ a bright line 

spectrum, or with the interference spectrum referred to 
on page 300, using the comparison prism for the absorp- 
tion one. 

Ordinary dry plates may be rendered orthochromatic by bathing 
them in a weak solution of erythrosin and ammonia, or better by 
a new dye called Homocol (Bayer & Co.). 

Prepare a solution of : 

Water 100 parts. 

Homocol (i in 1000 alcoholic solution) - .1*5 „ 

Ammonia (-880) - - - • - „ 
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The bath must-be in a perfectly clean dish. The plate, after 
being dusted, must be immersed in the solution for two minutes, 
placed in running water for two or three minutes, and then dried 
as quickly as possible in the dark. It will keep for some wrecks. 
The solution does not keep. 

Orthochromatic plates must be developed in a very dim light. 
A tank lamp containing a solution of about equal parts of naphthol 
yellow and Titan scarlet, and then a sheet of double flashed ruby 
glass will give a safe light. 

Anomalous Dispersion. 

1 1 4. The colours of smaller wave-lengths are as a general rule 
deviated to a greater extent on passing through a prism than those 
of longer wave-length. The extent to which different substances 
deviate the colours vary, and even the proportions in which colours 
of different wave-lengths are deviated vary. With some substances 
the variation becomes very marked, and bright dyes which absorb 
any portion of the spectrum strongly have a refractive index 
which varies very rapidly as it approaches the colours absorbed. 
It was shown by Sellmeier that if colours of certain wave-lengths, 
Aj, Ag, are entirely absorbed by a medium {e.g. incandescent 
sodium vapour absorbs the light from the crater of an arc in the 
neighbourhood of each of the D lines), the refractive index is 
given by ^2 ;^^2 

= I + «i/ 5 i^ 2 l ^ Axa _ + • • ■ > 

where . . . , . . . are constants. (See Edser, page 376.) 

Thus on either side of an absorption band there is an abnormal 
change of refrangibility of such a kind that the refraction is 
increased on the one side of the absorption band, and diminished 
on the other side. The result is that when light passes through a 
prism of such a material, the colours on the opposite sides of the 
absorption band are relatively displaced in the spectrum. This 
will be most noticeable to the eye if the absorption occurs some- 
where near the yellow. ’ This is the case with fuchsine, an Aniline 
dye which has a marked absorption in the green, with the result 
that a fuchsine prism deviates the red, orange, and yellow to a 
greater degree than the blue and violet, the green of course being 
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missing." The order is thus violet, red, orange, yellow, the violet 
being least refracted. There is a small dark space between the 
violet and the red. 

By malfing a Very strong solution of fuchsine in alcohol, and 
placing a drop between two glass plates inclined at an angle of 
about io° (the drop being kept in position by capillary attraction), 
and looking through the prism at a distant bright slit, the order 
of the colours can easily be seen. 

Kundt has shown that anomalous dispersion occurs with all 
dyes which have a “surface colour,” i.e. which reflect a colour 
different from the one they transmit. The light reflected from 
fuchsine is green, whilst the light it transmits is red. 

115. Wood {JPhil. Mag., 1898, and June, 1901) describes some 
cyanine prisms which he made by melting the solid dye. He 
cut two pieces of 3 cms. from plate glass, five to seven millimetres 
thick. Having cleaned them, he pasted a strip cut from a visiting 
card along one edge of one of them. Along the opposite edge 
he strewed a train of crystals about 2 mm. wide. They should be 
of uniform depth and pushed into a straight line with a glass 
plate. Both plates are then laid on asbestos over a Bunsen 
burner and heated until the cyanine fuses. Just before fusion, 
which occurs at 175° C., the surface colour will change from a 
brilliant green to a plum colour. As soon as no solid particles 
remain, an edge of the other plate is dipped in the liquid and 
the plate lowered until its other edge rests on the paper strip. 
Use plenty of crystals. The plates are now lifted up together 
and put in a vice. The exact pressure is important, as if too 
little pressure is used it will not be transparent, and if too much 
the surfaces will be curved. All the prism except a narrow 
strip near the thin edge should be covered with black paper, or 
it may be mounted on a card with a narrow rectangular aperture. 
For illustration he advises the glass plates to be left on. For 
measurement strike the edge of the plate with a block of wood, 
when it will be split apart, generally leaving the whole prism on 
the one plate. 

The angle of the prism can be found by reflecting the light 
first from the surface of the glass and then from the prism, the 
back of the glass plate being greased to avoid contusion. Wood 
used an angle of about i”. The refractive index which he 
measured is shown in the accompanying diagram. 

In the later paper he says he succeeded with a new specimen 



DEVIATION AND DISPERSION OF LIGHT 


153 


of cyanine obtained from Griibler of Leipzig, in obtaining trans- 
parent prisms with an angle of more than one degree. The 
new specimen was in the form of lumps of quite small crystals. 
The old cyanine had the appearance of long shaped crystals not 
caked together. 

The vice is to be applied close to the refracting edge only, as 
shown in the figure, and he finds that a clamp of one of Gurtner’s 
laboratory supports gives the best results. I find an ordinary 
vice convenient, the glass being held between two pieces of 
cardboard. 

1 1 6. By crossing the prism with a diffraction grating of 2,000 or 
3,000 lines to the inch, and looking at an arc lamp through the 
combination, the diffraction spectra are seen deviated by the 
prism, the red ends being turned up and the blue ends down. 
An ordinary narrow angle prism will do nearly as well as the 
grating. The arc must be at some distance, say, fifteen feet. 
A rather large pinhole may be put 
in front of the arc, and then it need 
not be so distant 

1 1 7. But the best way to exhibit 
anomalous dispersion is one (also 
due to Wood) which makes use of 
a very curious property of sodium 
vapour. If a pellet of sodium is 
heated in an exhausted glass tube, 
the sodium melts, and then vaporises ; but the vapour does not 
fill the tube as an ordinary vapour would; on the contrary, 
it forms a dense cloud over the sodium. The density also is 
not uniform, but decreases upwards towards the edge of the 
cloud. Thus if a beam of light is caused to pass through it, 
the amount of sodium it will encounter increases from the 
margin of the clouds at the top to the 'centre, and the cloud 
behaves as a prism of which the axis is horizontal and the edge 
uppermost. 

The experiment consists essentially in combining a spectro- 
meter in which a number of sodium clouds {i,e, a train of sodium 
prisms edge uppermost) disperse the light in a vertical plane, 
with an ordinary prism or grating spectroscope dispersing the 
light in a horizontal plane. 



B 


Fig. 137. — Sodium Vapour in a 
Vacuum. 
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The source of light may be an arc M, or a Nernst lamp; 
the latter may be put close to F without the lens L. The 
collimator CF for the first s{>ectroscope has a horizontal slit ; 
it consists merely of a tube with an achromatic lens at one end, 
of about 6 or 8 inches focal length, and a slit at the other. The 
slit must as usual be at the principal focus of the lens. The 
tube may be supported in a retort stand. The sodium is best 
contained in a steel bicycle tube AB, about or inches 
diameter. The tube must have a small side tube D, by which 
it is connected to a Fleusz pump to exhaust the air from it. 
The tube should be about a yard long, and furnished with 
worked glass ends (plate glass will do), which can be fixed on 
with sealing wax. In attaching the ends both the tube and the 



Fig. 138. — Anomalous Dispersion of Sodium Vapour. 


glass should be warmed, and the wax can be put on with the 
aid of an ordinary soldering iron. If cracks come as it cools, 
they can he removed with the iron. The sodium must of course 
be inserted before the second end is attached. About a quarter of 
an ounce of sodium, cut into small cubes about | in. square, is 
used; the cubes are to be arranged in a row about the middle 
foot of the tube. The tube is then supported horizontally, the 
end is put on, and the tube exhausted. It is to be adjusted 
exactly in line with the collimator. 

The tube is followed in the same line by a telescope T, with the 
eye-piece removed, t.e, by an achromatic lens mounted at the end 
of a tube a little shorter than the focal length of the lens. 

Still in the same line follows the collimator S of the second 
spectroscope^ which should have a high dispersive power. The 
slit of this spectroscope must be exactly in the focal plane of 
the telescope T, which will then focus the spectrum produced 
by the sodium prisms upon it It is as well to mount the 
telescope T on an extension of the spectroscope, , 

When all is in adjustment, before heating the sodium a sharp 
image of the first horizontal slit F should be thrown on the 
middle of vertical slit of the ordinary spectroscope S, To see 
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that all the tubes are in line, hold a white card in succession 
in front of the first collimator lens C, the ends of the sodium 
tube A, the second collimator lens and the prism, and see that 
each time there is a full beam of light. Some black velvet should 
be put over the tubes at S, A, and B, 
to exclude extraneous light. 

Now, place a Bunsen burner under p,,.. i38._Anomaious Dispersion, 
the sodium tube, so that it may 

heat one or two pellets of sodium. As the cloud forms, the 
two black sodium lines will appear; at the same time the 
spectrum, which was originally a fine straight horizontal line 
of colour, will become bent, being curled up as it approaches 
each dark line from the red end, and curled down as it 
approaches each line from the violet side. As the cloud becomes 
more dense the absorption broadens, and the little curl between the 
two sodium lines fades away; but on removing the burner this 
will presently reappear. In repeating the experiment, the flame 
should be applied to another of the sodium pellets. If it is 
desired to see the sodium cloud form, a glass tube must be used 
in place of the steel one ; but a glass tube nearly always cracks 
if it is heated a second time, and is therefore not so suitable 
for the experiment itself. 



CHAPTER VI 

ILLUSTRATIONS OF METHODS OF DETERMINING 
THE VELOCITY OF LIGHT 

Velocity of Liglit, — It is impossible, of course, to determine the 
velocity of light without very special apparatus : but tlie principle of 
the various methods can be much better understood if the optical 
parts are adjusted in each case, and this can be done without any 
special apparatus. Especially in the case of Foucault’s method, the 
ordinary student usually finds that the adjustments of the apparatus 
are by no means so easy as they appear from cursory reading in the 
text-book, and that actual experimenting with the rotating mirror 
greatly assists a proper comprehension of the theory. 


Fizeau's Method for detennining the Velocity of Light, 

1 1 8, Apparatus . — The source of light may be the screen with 
the small hole and the burner used with the optical bench ; a lens 
of 6 or 8 inches focus ; a piece of very thin plane parallel glass 
about half an inch broad (or a flat micro cover glass selected as 
described on p. io 8 ); a pair of lenses to form the collimator and 
telescope of about lo or 12 inches focus; a positive low-power 
eye-piece, or failing that, an ordinary small convex lens of about 
2 inches focus; a plane mirror; a cardboard disc with a large 
number of teeth equal in breadth to the spaces between them — 
mounted on an axis that may be easily rotated, or better, it may 
be turned by a small electro-motor. 

Adjustments. — Measure the focal lengths of the lenses that are 
to be used for the collimator and telescope respectively. Mount 
them some distance apart on a table facing one another. Place 
the rotating disc exactly at one of the focal points of the lens 
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140)- A little behind it place the unsilvered mirror at an 
angle of 45 . With the 6-inch lens form an image of the hole 
in the screen A, illuminated from behind, upon a tooth of the 
disc at a. Turn the sector until a space allows the light to pass 
through to the lens Lj. It will emerge from in a parallel 
beam, since A w^as at the principal focus of L^, and so reach L2. 
The lens Lg will form an image of the source of light at its 
principal focus. Hold a piece of paper here to find its position, 



Fig. 139. — Arrangement of Apparatus to illustrate Fizeau’s Method of determining 
the Velocity of Light. 


and then place the mirror M in the position occupied by the 
paper, so that the light may be reflected back upon its course. 
If the mirror is normal to the common axis of the lenses, the 
light will again pass through the lenses Lg and , and be con- 
verged to A. From here a part of it will be reflected by the 
parallel mirror back to the source, but part will go through and 
may be received in an eye-piece, E. (The eye-piece must be of 
sufficiently low power to allow room between it and the disc for 
the unsilvered reflector.) 

On rotating the disc, the light will alternately be cut off or 
allowed to pass as the teeth and spaces pass A. 

When the speed is increased, persistence of vision will cause 
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the light to appear uniform. If the speed of the disc could be 
sufficiently increased for a cog to have time to occupy the position 
of a space while the light travels from A to the mirror M and 
back, the light which passes through each space would be cut off 
by the succeeding cog, and darkness would result. It is, of 
course, quite impossible to reach this speed. In the actual 



Fig. 140.— Path of Rays through the Apparatus illustrating Fizeau’s Method of 
determining the Velocity of Light. 


experiment, the distance from A to M was rather over , 17,000 
metres, and then with 720 teeth on the disc, the speed was able 
to be made sufficiently high. 

d 

The time from A to M will be — , where V is the velocity of light, 

L 2 d 

and d this distance, so that m the time ”y, the tooth must move into 
the position occupied by a space. If there be m teeth on the wheel, 
this means — of a revolution, and if the wheel rotates n tlnu^s per 
second, it will occupy of a second for this moveineiu. 

Therefore, when darkness occurs : 

I 2^ .. , 

• ' ' or V ^Ainn . 

2 m n V’ ^ 

If the speed of the disc be still further increased, the light will 
ap])car again, and will reach its maximum brightncnss when a space 
has lime to take the place of a space while the light got^s from A to M, 
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and back, and V is given by ri being the number of revolutions 

a second. 

Now as the speed is increased, the brightness dies away and grows 
again gradually. If teeth and spaces are all equal in wndth, the diagram 
of brightness is made of straight 
lines as in Fig. 141. 

Fizeau, in 1849, this 

apparatus found the velocity 
315,364 kilometres a second in Fig. 141.— Curve of brightness, 

air. 

Cornu, by employing a small wheel of only 2 or 3 cms. diameter, 
was able to give it a much higher speed. He also placed the telescope 
at a greater distance, so that he was able to obtain extinctions of a 
higher order, so that the light which went through a space returned 
upon the successive teeth up to the 21st. His collimator and telescope 
were also of a very large diameter, 15 cms. for the telescope and 
37 cms. for the collimator lens, 

Messrs. Young and Forbes used two telescopes at distances in the 
ratio of 1 2 and 1 3, and observed when the light that was fading in the 
one was equally bright with that growing in the other, as at P and Q 
on the curve of brightness (Fig. 14 1), they were able to determine with 
more accuracy the speed at which this occurred, than the speed at 
which the‘ light was just extinguished, 

Foucault’s Method for Deteiminatiou of Velocity of 
Light. 

1 1 9. Apparatus , — For the rotating mirror, the mirror supplied 
-for a manometric flame apparatus will do very well. Failing this, 
a plane mirror about 4 inches square can be mounted roughly on 
a vertical axle. A source of light ; a screen with a hole in it 3 an 
unsilvered reflector ; an eye-piece ; a convex lens of about 10 or 
12 inches focal length; and also a concave mirror of long focal 
length — 2 or .3 feet if possible. 

A<ljuBtaiients. — Measure the focal length of the mirror. Set 
up the screen A and adjust the lens to form an image of A at 
a distflnce of 5 or 6 feet on a screen S. At a distance from S 
equal to the radius of curvature of the concave mirror, place 
the centre of the rotating mirror M. Place the concave mirror 
as in Fig., 142, so that its .centre of curvature coincides with the 
axis of rotation of the revolving mirror. Adjust the lens , to 
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focus the light from A upon the surface of the concave mirror, 
after reflection in the rotating mirror when this mirror is turned 
into the right direction. Then, it ought to return upon its own 
path, after reflection in the concave mirror, striking the rotating 
mirror again at the same angle, and forming an image of A 
coincident with itself. 

Place the unsilvered reflector in the path of the rays between 
A and L, and some of this light will now form an image at B. 
Adjust the eye-piece behind B to view this image. Rocking the 
rotating mirror ought now to produce no displacement of the 
image B ; and if the mirror is rotated, an image of A ought 
to be visible once in each revolution, during the time that the 



Fig. *43.— Path of Rays through Apparatus illustrating Foucault’s Method of 
determining the Velocity of Light. 


light falls upon the concave mirror RR'; if the mirror be 
rotated sufficiently rapidly, a faint image should be visible at B 
the whole time. ' 

In whatever position M may be, if the light falls anywhere upon 
RR', the image formed on RR' will always be the image in the 
mirror M of that at S, so that the apparent position of the image in 
R is always at S. But if the speed of rotation of M could be made 
sufficient, the light which forms the image P in R which is reflected 
from the mirror while in one position, would, after travelling from M 
to P and back, find the mirror had moved, and therefore the image 
of P in the mirror would appear at a point, S', a little to one side 
of S, and the conjugate image B would have moved to B'. As the 
light will be deflected through twice the angle the angle SOS^ 
will be 2ft 
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Let the distance MP be then 

SS^== 20 d. (i) 

• If / be the time taken by the light to pass from M to P and back, 




V* 


,(ii) 


If n is the number of revolutions per second of the rotating mirror 
at this moment, the angle described in one second will be 27rw, and 
therefore, in the time /, it will be given by 

d=^ 27 rnf..,. (iii) 

Let AL=ez, LM=^; then as BB' and SS' are conjugate with 
respect to the lens L, 

“'-""‘{ra} 

= 2d$. ^ - from (i) 


= 2 d, 27 rnf, -7 — ^ from (iii) 
o-\-a 


Zirnad^ 

"v:{b+d) 


from (ii), 


from which V can be found. 

Foucault made the distance d about 20 metres, and used a turbine 
to rotate His mirror, the latter being very accurately balanced on its 
axis of rotation that it might rotate without shake. He was unable 
to place the concave mirror at any great distance from the rotating 
one, owing to the loss of light, for the light will only be reflected 
while the mirror M moves through an angle equal to -^ROR', and 
thus, as* RR' is placed at a greater distance, the light becomes fainter 
and fainter. 


Michelson’s Method for Determination of Velocity 
of Light. 

Michelson^ in 1879, used a slight modification of Foucault’s method, 
replacing the concave mirror by a plane mirror and placing a convex 
lens between the two mirrors, 

120. Apparatus . — T o imitate this experiment we shall require to 
replace the concave mirror by a plane mirror and a convex lens 
of as long a focal length as possible. 

Measure the focal length of the lens, and place it so that it 
may be this the axis of rotation of the rotating 
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mirror M, so that light which diverged from this axis would 
emerge from the lens as a parallel beam, and would fall normally 
upon the plane mirror if this is placed perpendicular to the axis 
of the lens. Place the screen A at a short distance from the 
revolving mirror. Then, as the distance AMC is greater than 
the focal length of the lens, a real image of A will be formed 
on the other side of the lens. The reflecting surface of the 
mirror RR' must be made to coincide with this image. To do 
this put a screen to receive the light emerging from L, and 



Fig. 143.— -Path of Rays through Apparatus illustrating Michelson’s Method or 
determining the Velocity of Light. 


adjust it until the image of A is clearly focussed. Then replace 
the screen by the mirror RR'. See that the light from RR' 
passes again through the lens L. Insert a plane unsilvered mirror 
to reflect the light to B, and examine the image with an eye-piece 
as before. 

If AM=^, MCrr/;, and RL^-d. 

The time taken from M to R and back will be 



During this time the miiTor will move through an angle (9, given by 

6^27rnt^ 

n being the number of revolutions per second ; and tluirefore AAj is 
the displacement of the image . 

A A /I ^ Z7rnfa{^i^-d) 

AA| « . a «-*-■ y 

As this image would be visible during the whole time that the light 
from M falls upon the lens L, the distance RR', which depends merely 
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upon the distance from A to M, can be increased indefinitely without 
appreciable loss of light. 

Michelson made this distance about 2000 feet, and using an air 
turbine to drive M, he was able to obtain a displacement of the image 
\A' of more than 1 3 mms. 


ADDITIONAL EXERCISES ON CHAPTER VI 

1 - Measure the distances apart of the pieces of apparatus of Experi- 
ment, § 1 18. Count the number of teeth, m, on the wheel : assume the 
velocity of the light given in the text, and calculate the number of 
revolutions of the disc that would be required to exactly extinguish 
the light. 

2 . Measure the distances a, in Experiment, §119, and calculate 
the number of revolutions of the mirror per second that would be 
required to produce a displacement, BB", of i mm. in the position of 
the image. 

3 . Measure the distances d^ in Experiment, § 120, and calculate 
the number of revolutions of the mirror per second that would be 
required to produce a displacement, AA', of i mm. in the position of 
the image. 



CHAPTER VII 


FURTHER EXPERIMENTS WITH THE OPTICAL BENCH 


The Refractive Index of a Concave Lens. 

Aj>j)arat 7 is . — Optical bench ; bi-concave lens of about 1 2 inches 
focus. 

1 2 1, (a) Find the focal length by one of the methods already 
given. 

{b) Find the radius of curvature of each surface treated as a 
concave mirror by reflecting the light 
back to form an image .of the ruled 
glass on the white paper round it. The 
distance from the surface to the screen 
is the radius of curvature. 

Find the refractive index, by substi- 
tuting in the formula : 

i 

T 

where r, s are measured towards the 
light, and r is the surface upon which the light falls. 



Fig. *44.— Curvature of the 
Surface of a Concave Lens, L, 
The light is reflected back and 
focussed on the screen, S. 




The Befiractive Index of a Bi-convex Lens. 

Apparatus . — Optical bench ; bi-convex lens of about to inches 
focus. 

13 2, (0) Find the focal length. This is most easily and accu- 
rately done by placing a plate-glass mirror behind the lens,! 
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and reflecting the light back to form an image of the ruled screen 
on the paper round it. The distance of the lens from the screen 
is the focal length, f (with of course a negative sign). 

{b) Move the lens forward and (without a mirror behind) 
obtain an image by the light reflected from the back surface of 
the lens. It T;vill be much fainter than the one obtained \\ith 
the mirror, but is easily seen. Let the distance of the lens from 
the screen be Uy 

(c) Turn the lens round and again obtain an image by 
reflection from the back surface of the lens. Measure the 
distance of the lens from the screen. Let it be 

Then, /a = i ^ 

2 +/(— + — 

\u^ 2^2 

Remember that /is negative. 


In the case {b) the light is returning practically along its path, and 
therefore on reflection at the back surface, the incident and reflected 
rays must coincide, and must therefore strike the surface normally. 
So that the rays in the glass are radii of the surface ; and if they 
emerged at the back of the lens, — as most of the light does emerge, — 
they will proceed without bending, since the incidence is normal ; and 
will seem to come from the centre of curvature of that surface. But 
the point from which the emergent light appears to come is the 
“ image.” Thus, in this case the image of the screen is at the centre 
of curvature of the back surface of the lens. As the focal length is 
known, we can easily calculate the position of this image by the 
formula 

JL_ JL— i 

»1 « 1 ~/’ 

and the so found is the radius of curvature of the back surface of 
the lens. Call it s^. Then 

Jj / Ul 

On turning the lens round, the curvature of the other surface is 
found in the same way from the formula 


•S’8 7 


In the ordinary formula for a less, curvatures 
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are to be measured towards the light, so that the curvature of the 
surface is to be considered negative. Substitute - j‘2j +'^1) 




/x=I-. 


f/( — + — 

\Ui 


(Of course, /is a negative quantity as this is a convex lens.) 

The Dispersive Power of a Convex Lens. 

Definition. — The dispersive power, is the ratio of the disper- 
sion, A, to the deviation, 8 ; therefoi*e 


i' "V ' * •T'-'Nf 


Fi<;. 14S. 

123. Let P and Q be conjugate foci of a thin lens, and F its principal 
focus. Then x x i 

u^f 

becomes ' 

Call and multiply this equation all through by^. 

AQ AP AF’ 
or 

where a, 8 are the angles made with the axis by PR, QR, and FR 
respectively ; for, since the angjes are small, we may use their circular 
measure instead of their sines, and write 


yS-sin (nearly). 
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But fi-a is the angle ORP, i,e, the deviation. So that the 

formula — expresses the fact that the deviation of the ray 

from any point P, incident at a given point on the lens R, is constant, 
and equal to that of a parallel ray incident at the same point, and 

this deviation is ^ 

This deviation varies with the colour, and we have 

8.=4 

Jv Jr 

where v and r refer to the violet and red light respectively. Thus 


or, dividing by_y, 


B 8 

/ 

i-i. 

I 

f 


The f in the denominator is supposed to be the focal length for 
yellow light. 

Suppose the ruled glass, lens, and screen to be adjusted to give 
conjugate foci. The screen will have to be moved slightly to get the 
image clear for the different colours. If the lens and ruled glass are 
not moved, u will remain constant, and we shall have 


•V^ UJ \Vr UJ 




V u 

I I 

Vr-Vr 


Vr 

_ VvVr 

I I 

U--~V 

V 

U 

UV 

Vr- 

-Vv 

U 

U-V 

' V 



(nearly, for and v may be considered equal for purposes of 

ratio). 

Thus, we have to find the difference between and Vr with the 
same accuracy as the other quantities involved. 
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124. Apparatus . — Optical bench: coloured glasses or solu- 
tions * ^ positive eye-piece with cross-wires on stand, white light 
and a sodium flame. 

(a) Adjust the cross-wires, lens, and focussing screen, and 
using a sodium flame find u and v as usual (§41) (correcting for 
index errors). 

{h) Replace the focussing screen by the eye-piece. (See that 
the cross-wires are clearly in focus.) Look through the eye-piece, 
and the wires will appear very brilliant and highly coloured. 



Fig. 146. — Achromatism of a Lens. 


Place the red gelatine, G, close in front of the cross-wire screen, F 
(Fig. 146), and set the eye-piece so that the lines seem quite clear. 

To obtain the exact position the method of parallax must be 
used. Adjust the eye-piece and the lens stands, until the 
cross-wire of the eye-piece is exactly on the image of the wires 
of tlie screen, and move the eye to and fro to sec if they shift 
over one another, altering the distance of the eye-piece until 
there is no pcrcei)ti])le movement. 

Then take the reading on the scale. 

{c) Ghange the red gelatine for a deep blue one, and rcipeat the 
observation. 

The difference between the readings with the red and the blue 
gelatines is - 1/,,. 

{d) wSubstitute in the formula : 

U^V V 


(Note that v is mgatm.) 


iSeft p. 446. 
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The above determination does not give any definite value for 
dj as we do not know for what wave-length we had adjusted the 
eye-piece. Much more accurate results can be obtained by using 
monochromatic lights. 

xA sodium flame should be used for the determination of u 
and V. The wave-length is 5896. A hydrogen tube with a red 
glass and a blue glass may be used to find Vr-v^. The lines 
given by the hydrogen tube are : a bright red line, C, of wave- 
length 6563 ; a greenish blue line, F, of wave-length 4863 ; and a 
bluish violet line, H, of wave-length 4341. \This last is very close 
to the Fraunhofer line G.) The red potassium line, K, 7677, 
gives another line in the extreme red, and by using it, the partial 
dispersion from A to D can be found if wished. (A is very near 
the potassium line.) The dispersion generally used is from C 
to F, As we shall be observing the image directly with an eye- 
piece, the small amount of light given by the hydrogen tube or 
the potassium flame will not matter ; there will be sufficient for 
the purpose. 

Focal Lines by Oblique Eeflection at a Concave Mirror. 

125. Discussion , — If light from a point P falls obliquely on a concave 
mirror ASR, of which O is the centre of curvature, the light in the 



Fig. 147. — Focal Lines. 


plane of the paper that is incident on the mirror between the points 
S and R passes approximately through the point gi (which is in the 
limit, the point of contact of R^i with the caustic. Every ray cuts 
the axis (somewhere near If the whole figure be imagined 

to be rotated about the axis POA of the mirror, the point q-^ will 
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describe a circle of which the centre lies on the axis OA, the part 
of the axis through which the rays pass is not moved by the 
rotation. Thus the whole of the light from the zone of the sphere 
which RS is developed into by this rotation, passes firstly through the 
circular ring or annulus resulting from the relation of and secondly 
through a short length of the axis near ^3. If the figure be rotated 
only through a small angle A (instead of a complete revolution), RS 
will sweep out a small portion of a sphere only, viz., R1R2S2S1, of which 
the centre of curvature is still O, and the point q-^ will describe only 
a very short portion of the arc of the circle, which may be considered 



to be a short straight line normal to the plane of the paper and 
passing through This line is called the primary focal line, and 
is one image of the point P formed by oblique reflection at the mirror 
RiS2SiR 2. Its position is given by 

1+1=: (i)* 

Vx u rcosz 

when PR=z^, 

APRO=f. 


* To prove these, we have 

0KP=2 + a 
= RKS =/'+7 




2'-2=a~7 



Fig. 149. 


0L{|'i=»+7 ■> . . 

=RLS=f'+/3J’ ’ 

/. o+j 9 = 27 , 




and 
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The second focal line is at ^2? if screen upon which the 
light is to be received is about normal to the line R^2> 
lie in the plane of the paper. If the outline of the mirror is circular 
(instead of bound by the two arcs RiR2j ^1^2 the two radial 
lines RjSi and R2S2), the shape will be a figure of eight, but for a 
mirror of the outline shown in Fig. 148, this is two narrow triangles 
with a common vertex. 

The position of ^2 ’s given by 


I l_ 2COS/ 

•i/i u'~ r 


,(ii)^ 


1 26. Apparatus as above, with the addition of a protractor. 

Set up the mirror and let the L PRO be known (say 30®), focus 
the vertical wire and find and the horizontal wire and find 
Repeat for two or three values of u. Compare the values with 
those given by the equations. 

Tabulate results thus ; 


r 

z 


By experiment. 

Calculated. 

Vi 

Vq 



(found 

previously) 





1 


The Focal Lines by Oblique Refraction at a single Spherical Surface 
are not important. 


Focal Lines produced by Oblique Refiraction through a Lens. 

127. Theory . — Let ASR be the first surface of the lens. Let P be 
the bright point and the primary focal line. 


RS , cos « RS . cos i 2RS 
— RP~ + ' 

I . I 2 

or — i=r- 

u r.cosz 

Again, the area of the triangle PR^2=sum of areas of PRO and OR^j. 
Thus 2r=i«rsin f+irvgsin i, 

or, dividing through by iurv^sini, 

2 cos? I I 

^ u 


(i) 


(ii) 
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From the figure we get 

OKP=/+a A . 
-SKR=/-P&*+y J ’ 
^iOL=/-+y3 ) . 

= RLS =r-f Sr+y / ’ 


8z — a — y. 
Sr~ l3-y. 



Fig. 150. —Focal Lines by Refraction. 


But smz==fMsmr, 

cos i . 8i = iJb cos r . Sr ; 

(a-\-y)cosz — (j8 — y) cosr. 

Substitute and transpose, and we get 

jUL COs^r cos^z cos r — cos i 
v{ zc ~~ r 

If be the primary focal line on emerging from the lens, we have 
for the second surface (radius s) 

I o. I . 

- . cos^z , cos z — cos r 

/z cos^r ih 

Vi ~ s 

Eliminate Vi, and we get 

£ _ cos r- cos zT I ^ I "j 

z/j zz” cos^z \r sj 

__ fjL cos r~ ~ cos i I 

” cos^i{iX’-i) f' 
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For the secondary focal line, consider the triangles OR^2 
AORP= AOR5r2+ A^TgRP, 
ru sin i = sin sin (z — r), 

or (dividing by sin r\ 

all. .. 

-S — =-\aCQsr- cosz }. 
u r ^ 

If V2 be the corresponding secondary line on emergence from the 
second surface, r 

cosz*— cos r}-* 

Eliminate 

™ — - = (a cos r- cos f)f ' — - ) (iv) 

128. Apparatus as in § 36, with the addition of a protractor. 

Set up apparatus as in §41, but set the lens at a known angle 
to the beam of light, and focus the vertical and horizontal wires 
separately, measuring the distance from the lens to the screen in 
each case. Or obtain a focal line (say the vertical one) with the 
lens and screen in a certain position; then, without altering the 
distance, incline the lens the opposite way until the same focal 
line is again sharply focussed. Half the angle the lens had to be 
turned through to pass from the one position to the other must 
be the obliquity of the light (the t of the formulae). Then if /x 
be supposed known (see §122), the values of and can be 
calculated from the formulae (hi) and (iv). 

Tabulate the results as before. 

> 

ADDITIONAI. EXERCISES ON CHAPTER VII 

1 . Measure the focal lengths and the dispersive powers of each of 
the lenses of an achromatic combination. 

Calculate and They should be numerically equal ; for the 
/i ? 3 r 

condition for achromatism is -^=-^—0. 

Jl 72 

2 . Repeat the determination of the dispersive powers with a diiferent 
lens distance, and compare the results. 

3 . Examine the achromatic combination with the eye-piece, adjusted 
as in Experiment, § 124, and compare the appearance of the image 
with that formed by an ordinary simple lens, 
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4 . Measure tJie curvatures of the surfaces of each of the lenses of 
the achromatic combination of Exercise 3, and calculate their refractive 
indices. 

5. Find the ratio of the dispersive power of the glass, as found in 
the first two exercises, to the refractive index, in the case of each lens. 

6- Find the refractive index, and the dispersive power of another 
lens. See if they are the same as those of either of the lenses of the 
achromatic combination. 

7 . Find, by the methods of § 122, the curvatures of the surfaces of 
one of the lenses of a lantern condenser. Check the measurements 
with the optical lever, § 80, or with a spherometer. 

8. Measure the thickness t of the same lens, also measure the 
apparent thickness in the middle, viewed from each side, by the 

method of §24. Apply the formula ~ ^ in each case, and so - 

^ "V U f" 

Tina /A. 

9 . Find, by the method of § 43, the positions of the focal points of 
the same lens. 


10 . Calculate the focal length of the same lens, by substituting in 
the formula 




/ 



CHAPTER VIII 

COMPOUND LENS 

Focal Lengths and Gkrass Points of Thick Lens and 
Combination of Lenses. 

129. Definitions and Formulae. — We will suppose first that the 
initial and final media are different. 

Focal Points. — A bundle of parallel rays parallel to the axis of 
the combination incident on one face of the combination after 
passing through the combination will converge to or diverge from 




Fig. 151. — Gaiiss Points of a Lens. 


a point. This point is one of the principal foci. There will be 
another point for the parallel rays traversing the lens in the 
opposite direction. (Let them be and Fg in the figure.) 

Principal Points and Planes. — The principal points are two con- 
jugate foci, such that an object placed at one forms an image at 
the other, of ihe ^ame size as t?ie object and erect. The principal 
planes are planes through them normal to the axis. (Let them 
be Pj and in the figure.) 
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Foeaa Lengths. — These are the distances P^Fj and PgFg respec- 
tively, and they are in the ratio of the refractive indices of the 
mediad They become equal when the initial and final media are 
the same. They are of opposite signs. 


X J 

tens 

■'^'1 

J.P F 

System 

Fi 


Fig. 152. — Conjugate Foci. 


Also, if P and Q are any pair of conjugate points distant and 
X* from F and F respectively, xx where/ and/' are the two 
focal lengths, and x and y are measured towards the light. 

NodaJ Poiats.— These are defined to be a pair of conjugate foci 
such that a ray incident at one emerges in a parallel direction 
N2L2 from the other. 

Drawing Images. — Let AQg be the object. 

i. Draw a ray AB, parallel to the axis, meeting the principal 

plane P2 at B. 

ii. In the plane 
take a point C, such that 
P^C^PgB. From C draw 
CF^D through the focal 
point Fy 

iii. Draw a second ray 
from A to Ng, and through 
Nj draw a parallel ray N^I), 
meeting the ray CF^ in D. 

Then QiD will be the image of QgA. 

For, as the image of P2B is erect and the same size as Pj, it must 
be PiC. Thus any ray incident through B will emerge through C. 
Also as AB was parallel to the axis, its emergent ray must pass 
through Fj. 

Produce ANg to meet BPg at Hg (Fig. 154). Since, by the 
definition of the principal planes, any ray meeting one at a distance 
PgHg from the axis must issue through the other at the same distance, 
PiHi = p2H2. Thus, as NgHg is parallel to N^Hi, the triangles are 
equal in all respects, and PgNg^PiNi. 

From Fi draw FiLi parallel to This will emerge from Lg 

parallel to the axis, where PgLg^^PiLx. Also it must meet AH^ in 
the focal plane, since LiFx and NxHi are parallel- Then it is obvious 
1 Proved w Heath’s 



Fig. 153.— Images- 
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that the triangles EF2N2 and LiPjFi are equal in all respects, and 
F2N2= PiFi. So it could” be proved that NiFi = P^Fg. 



Thus the distance from one focal point to its nodal point is equal to 
the distance from the other principal point to its focal point. 

When the initial and final media are the same PjFi and P2F2 are 
equal, and are the focal length of the combination. Thus in this case 
Ni and Pj coincide, as do also N2 and Pg. 



Fig. 155. — Initial and Final Media the same. 


If u and V are the distances measured from the principal points 
to and Qg, reckoned positive when measured towards the 
incident light (as on page 55), 


V u f-f 


also 


Afr 






where x-^, X2 are the distances of the object and image from the 
focal points. 

Divergent Combination. * iB 

— If the combination 
is equivalent to a con- 
cave lens the focal 
points will be on the 
other side of their 
principal and nodal 
points. Th^ figure is given. 



FiCk *56. — Bivergent Comlwoation. 


We Still have /^/g = 

C.L. 
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Simple Eqiiivalent Lens. — In the thin lens the two principal points 
coincide, and as F^Ni = FgPg and F^Pi = FgNg; 

FiPi + PjNi = FgPg = F2N2 + N2P2, 

we have P^N^ = FgNg , 


so that the nodal points also coincide. It will be seen that the 
emergent rays would coincide with those of the combination if 
they were shifted along the axis PiP2- Thus the thin lens, of 

which the focal lengths 



Fig. 157. — Equivalent Lens. 


are the same as those 
of the combination, 
is called its “Simple 
Equivalent Lens.” 

If the initial and final 
media are different, Nj, 
Ng are not in the centre 
of the lens. 


Initial and Final Media tlie same. — In this case x-^x^ — 

The figures for the combination (Fig. 155) and the thin lens are 
given. The focal lengths being numerically equal, ^ is taken as 
the focal length of the lens. 


- 




Q2 


M — ■ 



Fig. 158.— Equivalent Lens. 


Experimental Determinations of Gauss Points. 

130. Focal Points. First Method. — If the combination be used to 
produce the image of a distant 
object on a screen, the point 
where the axis meets the screen 
will be a focal point when the 
image is sharply focussed. By 
reversing the combination the 
other point can be found. The distance from the brass work of 
the mount to the screen should be taken (Fig. 159). 



Fig. isp.—Focal Point. 
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Second Method. — The light from a cross-wire screen can be 
parallelised by an auxiliary lens, and then focussed on a screen 
by the combination. 

Third Method. — But the best method is to place a plate-glass 
mirror behind the combination to reflect the light back again 
through the combination, and to form an image of the cross-wire 
by the side of the cross-wire itself, the latter being surrounded by 
a white screen for this purpose. Both foci should be found, the 
distance from the rnount to the screen being taken as before. 
For as the light is returned nearly along its course it must strike 
the mirror perpendicularly, and the emergent pencil must be a 
parallel one; the incident light must therefore be coming from 
the principal focus on that side. 

1 3 1. Nodal Points and Pocal Length. 

Theory , — Suppose a ray BC to be incident through Nj from a very 
distant object. It will emerge parallel through Ng, and cut the screen 
at A. A will be the image of the point of the object from which BC 



came. As the object is supposed to be at a great distance its image 
will be formed in the focal plane. 

Now suppose the combination rotated about Ng. As BC is coming 
from a grqat distance, the ray from* the ^me point of the object that 
is incident through Nj will stili be practically parallel to BC. Thus 
the ray that emerges from Ng has not moved, and the image at A will 
remain at rest. Any movement of Ng will, however, cause A to move 
also. 

Thus to find Ng we have to find the point about which a rotation 
of the combination produces no movement of the image of a distant 
object. 
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Apparatus . — To do this conveniently, the combination^ is 
mounted on a ‘‘Nodal Slide,” that is on a carriage sliding 
on rails, which rails rotate round a vertical axis. By adjusting 
the carriage on its rails, any point of the axis of the combination 
can be brought over this vertical axis, and thus the rotation 
effected about that point. The V’s upon which the combination 
rests may be varied as to distance apart and height, thus the axis 



Fig. i6i. — Nodal Slide. 


of the combination may always be made horizontal, and a large 
range of lenses may be measured on the same stand. The position 
of N.2 will be found when the image of a distant object is not 
displaced by a rotation of the combination about the vertical axis. 

Krst Metnod. — Put the nodal slide and screen at one end of 
the » bench and the cross-wire at the other (or better, on an inde- 
pendent stand as far away as possible). Focus the cross-wire on 



Fig. 162. 


the screen. Now rotate the combination. The image will 
probably shift. If N.2 be iii front of the ’ axis of rotation, the 
point about which the rotation takes place, then a small rotation 
will carry N^ to Ng' and therefore. A to A'. If on the contrary 
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N2 is behind the axis, a similar rotation will take it to N/ and 
A to A . Thus, by observing the direction in which the image 
moves, we can tell which way to slide the combination on its 
rails to get No to coincide with O. The distance from the axis 



Fig. 163. Fig. 164. 


0 to the front of the brasswork is measured and fixes the position 
of Ng (call it By reversing the combination the position of 
can be found. 

Second Method. Syn-focal Method. — As the object is not at an 
infinite distance in the above, the positions found will not be 
absolutely correct, though the 
error is almost negligible even 
with a 6 ” lens. 

The absolute position can, 
however, be found very easily. 

Put the nodal slide at about 
its correct position ; stand up 
a plane mirror behind it, and 
adjust the lens and mirror to form an image of the cross-wire 
by its side in its own plane. The light falling on the mirror 
and reflected back by it will be parallel light. Thus if the 
combination be so placed on its rails that the image remains 
stationary during a small rotation of the lens, the nodal point 
will be on the axis of rotation. Moreover, in this case the 
distance from the nodal point to the screen is the focal length of 
the lens. If the combination be turned through 180®, and 
moved along the rails till it is again in focus (the axis of 



Fig. 165. — Clay’s Syn-focal Method. 
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rotation not being moved), the other nodal point ought to be 
found at once. 

Also the distance the carriage is moved on its rails will be the 
distance from one nodal point to the other. 

These points and distances ought to be found easily to -i- mm. 
in the case of a good lens. This is the most accurate way of 
finding the focal length. 

Third Method. Collimator Method. — Instead of obtaining parallel 
light by the use of a plane mirror and reflecting the beam 
back through the lens, a virtual image at an infinite distance 
may be obtained by the use of a good collimator. The colli- 
mator may be furnished with a ruled glass plate, as described 
in § 84, in fact that collimator may be used. The axis of the 
lens and the collimator must coincide. To see if this is so, 
look along the. axis towards the light, reduce the entrant beam 
to a pinhole, and observe the series of images formed by the 
reflections from the surfaces of the lenses; they should all lie in 
a line on the common axis of the lenses. 

132. Conjugate FocL First Case, Focal Points Imown. — In this case 
the distances from the focal points to the object and image can 
be found. The formula then is 



Fig. t 66.— Conjugate Foci. 


Set up the cross-wire, combination and screen, and focus the 
cross-wire on the screen. For each position of the lens the 
screen should be adjusted some five or ten times to form a sharp 
image and the position read. The mean of the readings is then 
taken as the true position. The distances from the brass- 
work to the cross-wire and scr.een are read. From these readings 
the previously found distances of the focal points from the 
brasswork, and must be subtracted. The remainders will 
be the x^^ in the formula f^^x^x^. In this paragraph and 
x^ are used for the distances irrespective of sign. 
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Second Case. Nodal Points kno'wn. — As these coincide with the 
principal points, we may measure from them to the image and 
screen respectively, and use the formula 


I 

V u f 

In this case n-^ 



Third Case. Distance between Nodal Points known. — Let it be “ k.” 
Place the cross-wire and screen a distance L apart. Find the two 
positions for the combination which produce a clear image on the screen, 



1 24 - 
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- 


- 
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— L 

Fig. 168. 


and let the distance the lens is moved from one of these positions to the 
other be /. Then (remembering that z' is a negative oLuantity), 

L = w 4" ( “h 

/=(-v) — u j * 

'L — k — l 

and therefore u— , 

2 

k-'L-l 

12 2 

f-k-h-i h-k-i 
4(L-»^) 


and 
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Focal Length by Magnification Methods. 

135. Apparatus . — Compound lens ; two glass scales on stands, 
to serve as image and object respectively ; a gas flame and a sheet 
of ground glass supported in a vertical plane ; the stand for the 
lens, preferably a stand on a divided optical branch, so that the 
amount of its movement can be accurately determined. 

First Metliod. — Set up the lens and scales in one line, put the 
sheet of ground glass behind the scale that is to serve as an 
object and the gas beyond that. So adjust the distances of the 
scales from the lens that an -image of the one scale enlarged 
about twice shall be projected upon the other scale. Focus 
carefully (by parallax preferably). Obtain the exact magnifica- 
tion m^. To do this read on the scale the positions of say ten 
of the divisions of the image; subtract the reading of the first 
from the sixth, the second from the seventh, and so on ; obtain 
the mean of the result, and divide by the actual distance apart 
on the original scale of the first and sixth. The result is the 
magnification ; it is a negative quantity, as the image is inverted. 

Without disturbing anything else move the lens along until a 
reduced image of the first scale is formed on the second. (It 
may be more convenient to put the ground glass and the light 
at the opposite end and so enable the enlarged image of the 
second scale to be observed instead of the reduced image of 
the first scale.) Focus again carefully, of course by moving the 
lens only. Again take the magnification 

Then if I is the distance between the two positions of the lens 
read off on the scale of the optical bench — the focal length is 
given by +/ 

For let Nj, N3 (Fig. 169) be the nodal points, let Vj be the actual 
distances from Ni and Ng to the scales A and B respectively in the 
first'position of the lens. Then as the image is inverted 


and the conjugate foci are connected by 

£ 

, 1 If correctly taken m2 should obviously be the reciprocal of 
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In the second position of the lens, becomes the distance from Hj 
to A, and ic^ the distance from N2 to B ; therefore 


while and are still connected by the same formula, for now 

L_JL— I 



Second Method, Abbe’s. — Commence as before, but make the first 
magnification unity or less. 

Then keep the lens fixed, move B away from the lens some 
known distance 4 adjust A untU it is perfectly imaged once more 
on B, and obtain the new magnification is obviously 

numerically greater than and both are negative quantities. 

The focal length is given by 

/= — - — (See §45.) 

Note that 11% and are negative quantities. 

Third Method. — When the distance between the nodal points can 
be neglected or can be allowed for, the following formulae due to 
Nelson are useful. 

Ill V 

f u V u 


We have 



TREATISE ON PRACTICAL LIGHT 


iS6 


Thus 


/= 


uv 


m 




u-vv V m -hi 
m 



If 


U-hV 




= 1)//, 


r mL, 

where L is the distance from the cross-wire to the screen arranged 
as in the first method, less the distance between the nodal points, 
and m is the magnification obtained as there described. 

Fourth Method, Bla.keslesr’s. — Let a scale be fixed at the principal 
focus of a lens normal to its axis, and illuminated from behind ; 
let a second lens be placed coaxial with the first, this will form an 
image of the scale in its principal focal plane ; the magnification 
will obviously be equal to the ratio of the focal length of the 
lenses. Thus, if the focal length of the first lens is known once 
for all, the focal length of other lenses can easily be found. The 
method is particularly useful for lenses of very short focal length, 
as it can be used with a microscope which has a micrometer 
eye-piece. The scale is first observed through the microscope 
direct, and then the image of the scale formed by the two lenses 
in succession ; the ratio of the sizes of the images as read on the 
micrometer scale gives the magnification required. The focal 
length of the first lens can be found by the first method above 
described. The scale and lens are mounted in a short tube ; 
the scale may be adjusted in the focal plane by an auto-collima- 
tion method. 


Focal Lengths of a Lens separating different Media. 

134. Apparatus . — Convex lens about 2" diameter and 6" focal 
length; lamp chimney of stout glass; or better, a brass tube 
8" long, 2^" diameter; plane glass 2^" diameter; two convex 
lenses, each 8" focus ; cementium. 

The lens and end of the chimney may be ground together with 
coarse emery and turpentine until they exhibit a ground appear- 
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ance all round the circumference when dry (care being taken, of 
course, to avoid scratching the central portion of the lens), and 
then cemented together with Canada balsam. Nearly close the 
opposite end of the tube with a flat glass plate attached in the same 
way. When dry this makes a good cell that can be put aside, and 
is always ready for use. Instead of grinding the two together and 
cementing them with balsam, a very good cell can be made by 
cementing the lens to the chimney with sealing wax. To do this, 
warm the chimney carefully until it will melt the wax, and coat the 
one end with a continuous line of wax. Warm the lens slightly and 
press it and the still hot chimney together. If the wax cracks in 
cooling, use a thick copper wire filed to a point to melt it, keeping 
the wire hot by holding it all the time in the flame of a spirit lamp 



or Bunsen^bumer. Or they may be cemented with cementium or 
fortafix in a brass collar. Mount a small piece of plane mirror 
about an inch across, and a piece of opal glass (or white card) of 
the same size, on the ends of brass rods with cementium. 

For the nodal point experiments (vii. below) a more convenient 
cell can be made of a zinc or brass tube 2 ^' diameter and 8" long, 
closed at one end C with a piece of plane glass. A longitudinal 
opening about an inch wide is made all along one side of the 
tube (Fig. 1 70). The lens may be, first, a single one inserted in the 
end of a short tube AB which fits the main tube ; second, a pair of 
lenses, each about 8" focus, mounted at opposite ends of a tube 
about 2" long, which also fits the main tube. With the latter 
lens the two nodal points will be sef)arated, and thus the most 
general case will be represented. This cell will, of course, be 
used horizontally. It may be mounted on V ’s on a stand GH, 
which rotates about a pin D in a lower stand EF. The pin D 
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may be inserted in any one of a series of holes drilled at intervals 
along the centre line of the stand GH. 

Also the following will be required : a white screen, with a hole 
and a cross-wire ; a small photographic objective, or a collimator ; 
a plane mirror; a gas flame; meter scale, and supports. The 
screen and the mirror may be mounted as shown at N (Fig. 170) 
on separate stands KL. For the glass cell, these must be mounted 
at right angles at the end of a wire, by which they can be inserted 
in the cell through the opening left at the plane end. 

i. Ot)tain tlie Focal Length of the Lens in Air. — Set up the cell 
horizontally in a retort stand, put no water in it. Support the 
mirror N inside the cell, with its plane vertical. Set up the screen, 
with the cross- wire on the axis of the lens, and let the light from 
the gas flame pass through it along the axis of the cell to the 
mirror N. Adjust the distance from the screen to the cell until 
the rays in the cell are parallel, which will be shown by the 
formation of a clear image of the cross-wire on the screen S, by 
the light that has been reflected back by the mirror N. Measure 
the distance /from the screen to the lens. 

ii. Obtain the Focal Length of tOie Lens in Air for Rays that are 
parallel in the Water. — Set up the apparatus as in i.; fill it with 
water and repeat exactly. The distance / from the lens to the 


screen is the focal length / . The power cl>^ is i 

A 

iii. Obtain the Focal Length in the Water for Rays that are parallel in 
the Air. — Set up the apparatus as above, but insert between the 
cell and the screen S a photographic objective, and so adjust its 
distance from S that the emergent light shall be parallel (this 
position can be easily found by placing a plane mirror temporarily 
against the lens to reflect the light back again, as in § 43). Or use 
the collimator. Receive the light after refraction into the water 
on the small white opal screen. Then the distance from the lens 
to the opal screen is the focal length required,/. The power 


<^2 is Or pass the light through the plane glass end of the cell, 

A 

then through the small cross-wire screer>, out through the lens, on 
to a plane mirror, by which it is to be reflected back into the cell, 
and an image formed on the cross-wire screen at the side of the 
cross-wire. / and/ will be of opposite signs. 
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iv. The refractive index of the water should be the ratio of the 
focal lengths in the water and the air respectively. 


Thus 



Reduced Power. — If we define the Reduced Power ” of a lens 
as the product of the power in either bounding medium into 
the refractive index of that medium, we have 




■/l /2 


For if the radii of the surface of a lens are r and j for a lens in air, 
u \r sJ f ^ 

If the space B be imagined filled with a medium of refractive index 

/jt2, the refraction into it can be obtained by supposing the ray which 

was emerging into air to be refracted at an air-medium surface of 

radius s. , , 

^ I 


adding ^ — = 7 + ^ ^ (say). 

V U f S \ 

Making u infinite, v becomes and 


Making v infinite, u becomes^, and 


V. Thus the gain of reduced power of the lens 

f% 




/^2 - ^ _ 
S 


- I 




or 



f% 

A 


A+A 

_l /+/x 


•A 


A f 

and if s has been determined this can be v^fied. 

vi. The piineapai poJiite cdmcide with tJie lens if the l^s is thin, 
as arry object placed db|e agaii}^ one^ade ctf it wiB appear when 
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viewed from the other side of the lens (j.e. when looking at it 
through the lens) to be the same size as it actually is, and in the 
same plane. 

vii- But the nodal points will not coincide with the lens. On the 
contrary, they are together, and on the tube on its axis a distance 
from the lens equal to the difference between the two focal 
lengths. 

That this is so can be easily verified roughly. Unclamp the 
tube in either ii. or iii. above, and, holding it between the thumb 
and finger across a horizontal diameter at this distance from the 
lens, gently rock it about this line as axis. The image on the 
screen or the opal, as the case may be, will remain practically 
stationary. If, however, it is rocked about either a horizontal 
axis through the lens itself, or about any other honzontal axis 
nearer to or farther from the lens than the one above described, 
there will be an obvious movement of the image, which is greater 
the farther the axis of rotation is from its correct position. 

By placing the cell in the nodal slide (Fig. i6i), or in the wooden 
cradle, turning on a pin in the base as shown in Fig. 1 70, the exact 
position of the nodal points can be found, and the true value of 
the focal lengths determined in the case when the lens is not the 
simple thin lens, but a compound one. The method is obvious. 

The Focal Length of a Micro-Objective. 

135. Abbe’s Method. — Apparatus . — A microscope will be required 
which is furnished with a draw tube. A stage micrometer and 
a micrometer eye-piece to determine the magnification will also 
be wanted. 

Experiment — The experiment consists merely in determining 
the magnification with two different extensions of the draw tube, 
the distance between the two positions of the draw tube being 
also observed. If the draw tube is furnished -with a centimetre 
scale, as is the case in many microscopes, this distance can be 
read directly upon it. 

Then /= — - — where d is the extension and m. and Wo are 

thft two masmt ft cations. 
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Let L represent the objective, and and Ng be its nodal points. 
Let A, B be the object and image respectively in the first position of 
the draw tube ; then j j j 

, an7''’bn^=7’ 

and also the magnification ; 

and therefore i 

BNa -/• 



Fig. 171.— Abba’s Method. 


If and C be the object and image in the new position of the 
draw tube, so that BC is the extension, we have in the same way, 

W3+1 I 
CNg 

and therefore BC = CNg — BN3=/ (wg - Wj), 


or 

where d is the extension. 


/= 


d 


It is obvious that as the actual magnification is required, an 
ordinary negative eye-piece with an arbitrary scale will be useless 
for our purpose. The eye-piece must be a positive one, and the 
scale must be divided in millimetres. It will be observed also 
that this method is identical with the one given for finding the 
focal length of a convex lens on page 63. 

136. Collimator Microscope with lens to 

be tested; a glass, scale with a mm. divided into tenths and 
hundredths for object ; collimator with scale, as described below ; 
pocket magnifying lens ; lamp. 

For the collimator fix a good lens in. the lower end of a tube 
which itself fits into the body of the microscope; it should be 
an achromatic lens of about five inches focal len^h ; the exact 
focal length must be found by on§ of the methods a^ve 
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described. Exactly in its focal plane insert a glass scale divided 
into millimetres; the scale side should be very slightly ground 
to a matt surface, and should be downwards. The scale may 
be adjusted in the focal plane either by measurement or by 
focussing the moon upon it, or by focussing the slit of a colli- 
mator upon it which has already been adjusted for parallel light. 

The determination of the focal length of the Objective is then. 
a simple -matter. Place the divided millimetre on the stage of 
the microscope, screw the lens of which the focal length is 
required on the nose-piece, insert the collimator, and focus the 
one scale on the other ; use a hand lens to get the exact focus. 
Note the magnification, see how many divisions on the 
collimator scale correspond to the image of the millimetre (or a 
part of it) on the stage. Let it be 7 i^ so that n is the magnifi- 
cation. Let / be the focal length of the collimator lens ; then 

the focal length of the objective is 

n 

The Focal Length of an Eye-Piece. 

137. It was pointed out by Mr. F. Cheshire that the Abbe method 
might easily be adopted for the determination of the focal length 





Fig. T72.— Focal Lenf^th of Eye-piece. 




of an eye-piece. All eye-pieces, whether “ positive ” or “ negative,” 
are equivalent to convex lenses, and can be made to give a real 
image of a near object, even though they may not do so if the 
object is distant. If, therefore, an adapter be made at one end 
to fit the screw in the nose-piece which usually carries the 
objective, and at the other end to fit the eye-piece whose focal 
length is required, the eye-piece may be used as an objective. 
As its focal length will generally be too great to form an image 
of the micrometer scale, if this were placed upon the stage, it 
will probably be necessary to attach it to the sub-stage with an 
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elastic band. Then the focal length may be determined as 
described above, § 135, using the same formula. 

138. Case where one of the focal points lies without the comhination, 
e.g*. Hnygen’s eye-piece. — In addition to the method just described, 
as one focal point is outside, the focal length can be found if 
the corresponding nodal point is determined with the nodal slide 
as above, § 1-31. 

139, Case where the principal focus is within the combination. — Form 
an image of the cross-wire A (Fig. 1 73) by a good lens of short focus, 
B. Suppose this image at F. Then if F be one of the principal 
foci of the combination, the light will emerge parallel. Reflect it 
back by a plate glass mirror; it will retrace its path and will 



produce an image of the cross-wire superimposed on the cross- 
wire itself at A. By a slight tilt of the mirror the image can be 
shifted to the side of A, and can be accurately focussed. The 
exact position of the combination is observed. It is then 
removed and the position of F found by putting a screen 
there. Thus F can be found relative to the combination. 

The other focal point can be determined in the same way. 

Then knowing F and F^ the focal length can be found by 
taking conjugate foci as in 1 32- Or, by mounting the combina- 
tion to rotate round a vertical axis in the above experiment, and 
adjusting this axis until the reflected image adjoining A is not 
shifted by rotating the combination, its nodal point can be found. 
The distance from the point to F (found as above described) will 
of course be the focal length. 

140. Tbe focal lengtb can also be very oonveideirtly fotmd Biakesley’s 
method (§ 133) or an ordinary magnidcaldon method (§ 133). 

C.L. N 
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Graphical Betexiniiiatioii of the Optical Constants of a pair 
of separated Lenses, for instance, the Telephoto Lens. 

Two Thin Lenses, 

141. All photographic workers are aware that the power of a 
telephoto lens can be varied by altering the distance apart of the 
convex and the concave systems of which it is composed. 

The following simple graphical construction will enable one 
very easily, not only to find the focal length of a combination of 
two lenses, but also to determine the positions of the principal 
focal points and the principal planes, and to follow the way in 



Fig. 174. 

Fig. 174. Suppose AB to be the axis of the combination, and 
that one lens is at A and the other at B. For simplicity I will 
assume the lenses to be thin lenses. Let Eg be the principal 
focus of the lens B for light parallel outside the lenses. If this is 
a concave lens, measure a distance BMg equal to the focal length 
of B, upwards, and complete the square BMgHgEg* The fourth 
comer Hg will be the point made use of in the construction 
presently to be described. If the lens is a convex one, BN must 
be measured downwards, and the corresponding point will be at 
Kg. It will be noticed that HgBKg is a straight line bisecting the 
angle EgBMg. 

Proceed in the same way with the lens A, except that the 
measurements must be made in the opposite direction, so that if 
A is concave the point will be on the lower right-hand side 
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A telephoto lens consists of a concave iens B and a convex 
lens A. Thus, in such a combination, the points to dealt 
with would be Hg and K^. 

142. Principal points.— Fig. 175 shows how to use these points 
to find the principal points of a combination of a concave and 
a convex lens, of which the convex is the stronger. In the 
figure the distance between the lenses is less than the focal 
length of the lens A, but this is immaterial. 



The construction simply consists in joining HgKi by a straight 
line which is produced to cut the vertical lines through B and A 
in P'2 and P'^. Then, with B as centre, and radius BP 2, a part 
of a circle is drawn clockwise to project P'g on to the axis, cutting 
the axis at Pg. In the same way with A as centre and AP'j as 
radius, a part of a circle is drawn, also clockwise, to project P\ 
on to the axis at P^. The points Pg and -will be the principal 
points of the combination. The point P, where HgKi cuts the 
axis AB, is the image of P^ formed by A, and also is the image of 
Pg formed by B. 

145. Principal Poet— Fig. 176 shows how tO find the principal foci 
of the same system. This time the points Hg and are joined, 
cutting the vertical line through B at F2; and Eg and Kj are 
joined, cutting the vertical line through A at F^. As before, these 
points are to be projected clockmse on to the axis. Thus with B 
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as centre and BF'g as radius, part of a circle is drawn clockwise, 
cutting tlie axis in ; as F 2 is below the line the circle will cut 



the axis to the left of B, as shown in the figure. So also a circle is 
drawn with A as centre and AF\ as radius, cutting the axis at 
The points F2 and F^ are the principal foci of the combination. 



Fig. 177.-- Gauss Points, and Focal Length of a Convergent Compound Lens. 


144. Focal lengtn. — In Fig. 177 the constructions of Figs. 175 
and 176 are included in one figure. It may help to render the 
construction more easy to remember/ if it is pointed out that in 
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addition to the axis on which two of them lie, and the two 
vertical lines which can, of course, be drawn through them, the 
four points, K;^, E^, E2, can be joined in only three ways, 

and that it is the intersection of these three lines with the vertical 
lines through A and B, which, projected on the axis, give the 
positions of the principal planes and the focal points. Also that 
it is the two lines through Kj which give the positions of the 
points upon the line through the corresponding lens A, and the 
two lines through Hg which give the positions of the principal 
and focal points on the line through the corresponding lens B. 
As the projections of F\ and F\ are the first principal focus and 
the first principal point, their distance apart, is the Focal 

Length of the comhinatioiL. In the same way FgP'g is also the 
focal length of the combination. 

145. Formulae. — The points Ej and E^ used in all these con- 
structions are the focal points of the respective lenses, which 
correspond to parallel light outside the combination. For instance, 
parallel light coming from the right, falling on the lens A, would 
be converged to E^. So, parallel light coming from the left 
and incident on the lens B (that is, parallel light outside the 
combination), after passing through B, would appear to come 
from E2. 

Then using k for the distance E^Eg, a for the distance AB 
that separates the lenses, and and e^ for the focal lengths of 
the lenses, the following relations easily follow by similar 
triangles (remembering that in Fig. 177 and F are negative 
quantities) : 

F=^,or>J=^’ 


APj=- 


k ' 


for 

Also 


BPa- 


<3f^2 

k' 




It is fairly easy to see that BPj is parallel to E2KjF^i, and that 
AP 2 is parallel to 
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Rule of Signs , — In these equations k is to be considered positive if 
Ej, Eg are in the same order as their respective lenses A and B. 

The focal length of a concave lens is to be considered positive, that 
of a convex negative. 

The distances APj and BPg are to be measured towards the light 
as usual. 

Thus in Fig. 177, as ^2 positive, a is positive and k positive, 
the distance BPg will be measured towards the light; and as 



is a negative quantity, AP^ is also measured to the light as 
in the figure. The focal length is negative as is negative, i,e, 
the combination is equivalent to a convex lens. 

Fig. 178 is the corresponding figure for a convex and a 
concave lens, in which the concave lens is the stronger. As 
before, Hg, Kj, E^, Eg are joined in the three possible ways, by 
lines cutting the axis and the vertical lines through A and B ; 
the two lines through give the positions of F'^ and P^ and 
those through give the positions of F'g and P'g as before, and 
all the points, Fj, Fg, P'^, Pg, are projected clockwise on to 
the axis. 
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The focal length of the combination and the positions of Fj 
and Pg are given by the same formulae. As is greater than 
if the lenses A and B are at a less distance from one another 
than the numerical difference of their focal lengths, k becomes 
negative, and the combination is equivalent to a concave lens. 
WTien Ej and Eg coincide, the focal length of the combina- 
tion is infinite \ the combination then is, of course, the opera 
glass. 

The effect of the separation of the lenses on their combined 
focal length is obvious at once from Fig. 177 or Fig. 178, as 
the case may be. For as the line EgHg is fixed, and the 
distance of from the line AP'jF';^ is a constant, it is obvious 
as the triangles EgK^Hg and F'^KiP'^ are similar, that the 
focal length P\F^ increases rapidly as E^ is brought nearer the 
line HgEg. 

146. Compomid Lenses. — If the lenses dealt with are not thin 
lenses, E^ and Eg are still the principal focal points corresponding 
to light which is parallel outside the combination ; and A and B 
are the principal points corresponding to those principal focal 
points, so that E^A is, of course, still the equivalent focal length 
of one combination, and EgB stUl the focal length of the other 
combination. But the distances AP\ and AF'^, instead of 
merely being projected clockwise on the axis, are now to be 
measured from the other principal point of the A combination ; 
and in the same way the distances BP g and BF'g^ are to be 
measured from the other principal point of the B combination. 

147. Position of Imaffo. — In Fig^ 179 the principal planes and the 
corresponding focal points found as above described are used to 
find geometrically the position of the image of an object placed 
at Qi. 

For this purpose, from the point of an arrow at Qj, a line 
parallel to the axis is drawn to meet at L the principal plane 
through Pj. As by definition, P^ and Pg are the positions of the 
image and its object which shall be the same size as one another, 
a ray meeting P^ at L must emerge firom the plane PgM at the 
same distance from the axis, that is, from M. Also as Q'^L is 
parallel to the axis, the emergent ray must pass through the 



200 


TREATISE ON PRACTICAL LIGHT 


principal focus Fg, and must, therefore, emerge along the line 

As the initial and the final media are assumed to be the same 
(air, in both cases), Pj and Pg are the nodal points of the system, 
as well as the principal points, and any ray incident through P^ 



will emerge as a parallel ray from Pg* Therefore, join Q'lPi and 
draw PgQ's Parallel to it. The point where this line meets 
MF2Q2 will necessarily be the image of Q\. 



Fig. i8a — Images by Successi^e Refraction. 


In Fig. 180, for the same pair of lenses, the light from the 
object at is traced through the lenses in succession, and it will 
be seen that the image formed is in the same place as it was in 
Fig. 179. 

The optical constants of a pair of concave lenses or a pair of 
convex lenses can be found by precisely similar constructions, 
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the points of intersection being in all cases projected on to the 
axis in a clockwise direction. 



Fig. i8i. — Gauss Points and Focal Length of a Divergent Compound Lens. 


Fig. i8i gives the construction for a pair of concave when 
k is positive and Fig. 182 fora pair of convex lenses when k is •. 



Fig. xSa.— Two Convex Lens^. 


negative. The combination, in the letter case, is equivalent to 
a convex lens. If A and B (Fig, 182) had been so far apart 
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that A was positive, and then the lenses are brought nearer 
together, so that i grows smaller, vanishes, and then becomes 
negative, the focal length of the combination would at first be 
positive, then become greater, infinite, and finally negative, — 
that is to say, the combination is equivalent to a concave lens 
when A and B are at a greater distance apart than the sum of 
their focal length, and becomes equivalent to a convex lens when 
k is negative. 

Graplis for surfaces separating different media. 

TUe graplis for refraction at a single surface separating two media are 
constructed very similarly to tliose for refraction tlirougli a lens (p. 67), 
except tbat tliere are two focal lengtlis, one in each medium. 

14S. Let A (Fig. 183) be the pole of a surface separating two 
media of which the refractive indices are and ft respectively. 
If a beam of axial parallel light in the medium falls upon the 
surface it will there diverge (or converge), and in the medium ft 
will travel as though it had come from a point which will be the 
second principal focus of the surface ; the distance of this point 
from the surface is the second focal length is then the focal 

length in the second medium ft for light that was parallel in the 
first medium ft^. is positive for a divergent surface as it is 
measured towards the incident light. 

If the surface is a convergent one the focus will be on the 
other side of the surface, and will be a negative quantity. So 
if light in the medium ftj is, after refraction, to form a parallel 
beam in the medium ft, it must have been converging before 
refraction to a point behind the refracting surface — the first 
principal focus. The distance of this point from the surface is 
the first focal length is thus the focal length in the first 

medium ftj_ corresponding to parallel light in the medium ft. It 
is negative for a divergent surface. 

For any surface one focal length as above defined is necessarily 
positive and the other negative. 

From A as origin measure and along AE and AD to Ej 
and Gj respectively. As is negative the point Gj will be 
below A. 

Complete the rectangle AE^HiGi. 
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Let u be the distance of some object from the surface A. 
Measure u along AD to Rj. Join cutting AE^ at Q. 

Then AQ is the distance of the image from A. As AQ is 
measured to the right (i.e, in the positive direction), the image 
is in front of the surface. 



If the surface were convergent the point would be in the 
upper left-hand quadrant at as AE^ and AGj would be 
reversed in sign. 

Then AR^ and AQ will be the u apd v* of the formula for 
refraction at A. 

= = = (say). 

iS u r 

This is easily seen to follow from the similajity of the triangles 
ARiQ and GiRiHj. 
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149. Thick lens. — Let there be a second surface of which the 
pole is at B at a distance t from the surface A, separating the 
medium jot from a medium 

Let the focal lengths of surface be in the medium for light 
parallel in the medium jotg and ^2 ^ medium jot2 for light that 
is parallel in the medium /a. If the surface is a divergent one, 
is positive and <?2 is negative. Measure AB along the axis from A 
and draw a vertical line through B. 

Measure ^2 from B along BG and BA respectively. As 

is negative, Eg is to the left of B. Complete the rectangle 



BGgHgEg. Then, as AQ is the distance along the axis of the 
image that is formed by the. first lens surface A, and AB has been 
made equal to the distance of the surface A from the surface B, 
BQ is the distance u' of the image from the surface B. Join QHg, 
cutting the axis BGg at Rg. Then BRg will be the distance along 
the axis of the image of Q formed by the surface B, and the 2/ of 
the formula 


where 


V u s gz ^ ^ 

u'=zf + t. 


150. Prinotpal Foci— Since when is at infinity, Q coincides 
with El, it is obvious that the second principal focal point is found 
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by joining E^Hg, cutting BGg at Fg (Fig. 185). The actual position 
of the point is found by projecting Fg on to the axis. 

In the same way the first principal point is found by joining 
EgH^, cutting AGj at F^, and projecting Fj clockwise on to the axis. 



15 1, i. BlagniflcaMoii. — Since a ray passing normally through a 
refracting surface is not bent, it is obvious that the sizes of the 
image and object are prof>ortional to their distances from the 
centre of curvature of the surface ; i.e. (using the same notation) 

v' 


mj, 


u — r u 


So for the surface B, 


V 




V- s 


u 


The final magnification 

= m = 

At the principal points this is unity ; thus if Uq and Vq be the 
distances of these points from A and B respectively, 



2o6 


TREATISE ON PRACTICAL LIGHT 


By reference to Fig. 153, it is easy to see that the magnification 

at the nodal points is ^ \ thus if and be the coordinates of 
/^2 

the nodal points, 




' v' 



Graphically the magnification at a single surface is obtained either 
by making a square AK^ (Fig. 186), with Bi as side, and joining KjQ^, 
or by making a square AMj with —gi as side, and drawing MjQR 
(Fig. 186) ; then AQ 
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For as and ^1 = ^, — 

9a <I>a ft 

and .*. = ~ AL=7^'— ; 

AQ IX IX 

v'^ ~ 

. AL a /i + ^ 

IH 

Complete the squares AKi, with as side, and BKg, with -e^ as 
side (Fig. 187). Let Q be any intermediate image. Join QKj, QKg, 
making angles <f> and with the axis ; then the magnification 
is the quotient tan </> 

tan'^* 

Thus if K2QK1 is a straight line, and Q is the intermediate 

image of the principal points. 

ii. Principal Points. — Hence the following construction for these 
points : 



Complete the squares with the focal lengths of the surfaces in 
the intermediate medium e-^ and (?2 (corresponding to light, that is 
parallel in the outer media) as sides. Join K^Elg, cutting the axis 
at P. Join PHi and PHg, cutting the perpendiculars through 
B and A in Pg and Pj respectively. Project them clockwise on 
to the axis. 
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iii. NodaJ Points. — Join and Hg, cutting the axis at N and the 
planes through A and B at and Ng. Project the points clock- 
wise on to the axis. 



For by similar triangles, 

BN2__ANi 
BN"“AN 2^1 
which is the required condition, 

152. Initial and Final Media the same. — If 

S'! ^2 

Thus in Fig. 188, the ratio 

HA u ha . ^ 

KA KjEi 

and therefore H^PHa would be in one straight line. Thus P 
would coincide with N, and both principal and nodal points are 
found by joining H^Hg. 

As the focal lengths are measured from the principal points to 
the focal points, the second focal length is positive in the above 
figures, and the first focal length negative. The combination is 
therefore a divergent one, 

153, Formulae. — Some simple formulae follow easily from the 
above constructions. 
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Let the distance E^Eo (Fig. 190) be called and let k be 
positive when E^ and E^ are in the same order as the surfaces A 



Fig. 190. — Focal Lengths for Combination of two Concave Surfeces 
at A and B. 


and B to which they ^belong. Note that Ej and Eg are the 
focal points corresponding to light that is parallel outside the 
combination. 

Then, by similar triangles, calling and /g the focal lengths of 
the combination, 



or /i = - 







V; or z, 


_ -^1^1 


AFi = Zixi^ . 73 ) 

= ( ~A) + ( ~/i) 


A ^2 


Jli2 


or 20 = 


^2^2 


BF,=&(£+fi) 

. or /g = 


Jk' 


Where 2j and 2g are the distances of the principal foci of the 
combination from those principal foci of the surfaces which 
correspond to light parallel within the combination; and /j, ^2 
are the distances of the prmcif^ points from the surfaces, all 
being positive when measured towards the light. 

C.L. . o 
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1 54. HancnConcave Leas in Air. — In this case is at 00 on the axis, 
is at 00 on the line AD, incKned at an angle tan"^~ to 

the axis. Thus draw HgFg parallel to the axis to find Fg, draw 
H2P2P1 parallel tb AD to find P2 and Pj, draw EgFj parallel to 
AD to find Fj. It is obvious that Pg coincides with B. 

155. Thin Leases. — The above graphs apply equally to thin lenses 

separating different media, if are still taken to be the 

focal lengths in the several media. 


Gkniss Points of Thick Lens. 

156. — ^The two pairs of an ordinary 

photographic half-plate lens, mounted in sliding tubes so that 
their separation can be easily varied. Also a telephoto lens, or 
a concave lens mounted to combine with one of the lenses above 
mentioned, in place of one of the components ; nodal slide ; 
and other apparatus of § 131. Instead of special tube mounts, 
the lenses may be supported as m § 39, and their distance 
apart can then be easily varied. To find their nodal points, the 
base can stand on a rotating table constructed on the same 
principle as that shown in Fig. ryo. For a telephoto lens, the 
base vdll have to be extended for say two or three feet and pivots 
provided in the extension about which it may rotate. 

Find first the focal lengths and focal distances {Le. the distances 
of the focal points from the lens surfaces) of each of the three 
lenses. Then insert the two convex ones" in the tube at a known 
distance apart. The accompanying figure shows the graph when 
they are at a distance apart numerically equal to a quarter of 
their focal lengths (supposed equal). Find the positions of the 
focal and principal points experimentally, and compare them 
with the graph. Repeat with other separations. 

Also find the positions of the points for the combination of 
the concave and convex lenses. 

As a further exercise the graph may be drawn for the lens 
apparatus of § 170. 

Measure the focal length of the lantern condenser of p. 174,, 
Nos, 7-10; find the nodal and focal points, and compare with 
the results found there. 



CHAPTER IX 


ABERRATIONS OF LENSES AND MIRRORS 

Tlie Alyerrations of a Pliotograpliic Obj^tive. 

157. Explanation and Definitions . — According to Seidel there 
are five spherical aberrations in addition to the chromatic aberra- 
tions of a lens.^ These are, first, axial spliexical al>6rratiOB, that is, the 
longitudinal aberration of a pencil of rays which is parallel to the 
axis. Second, coma, that is the want of symmetry of the aberration 
ctf an oblique pencil about the axis of that pencil ; it produces a 
nebulous appearance in the image of a point of light not on the 
axis. Third, astigmatism, which is the convergence of an oblique 
pencil of rays from a point not on the axis to two focal lines 
instead of to a point. Fourth, curvature of the surface, the cur- 
vature of the image of a plane surface perpendicular to the axis 
of the lens, so that the marginal portions of the images are not 
in the same plane as the central portion. Fifth, distortton, the 
unequal magnification of parts of the image near the centre and 
the margin of the field respectively. 

In addition to the above a lens will possess more or less 
chromatic aherratlou ; firstly, the images formed by different colours 
in the spectrum may have different positions ; secondly, they may 
be of different sizes, even if in the same position j thirdly, if the 
images of two colours coincide, the images formed by the other 
colours in the spectrum may not coincide ; fourthly, if the coin- 
cidence occurs in the centre of the fierld, it may not occur near 

1 See S. P. Thomf^n’s translation of LUramer’s Phoi(ygraphic O^Hcs^ 
Appendix ; or Southall’s Geom^Hcal <^iics (Macmillan), 
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the margins ; moreover the five errors of spherical aberration 
enumerated above might be all eliminated for one colour, and 
yet not be absent for other colours. 

For some purposes it is very important that the lens should be 
corrected for at least three parts of the spectrum. The lenses 
intended for ordinary visual work, and indeed almost all ordinary 
achromatic lenses, are supposed to be corrected only for two 
colours, say the yellow and blue, but for photographic work this 
is insufficient. A lens corrected for three parts of the spectrum 
is called an ** apochromatic.” 

Betennination of Aberration Coefficients of 
a Oomponnd Lens. 

Apparatus , — Most of these aberrations may be measured with 
the apparatus already described (page i8o). It will be necessary 
for some of the experiments to use a compound lens in which 
the .distance between the two components of the lens may be 
varied. 

15S. Spherical aherratlon of an axial pencil — When light passes 
axially through a lens, that which is incident upon its margin is 
usually converged to a focus at a shorter distance from the lens 
than that through its centre. In other words, the power ^of a lens 
with spherical surfaces is usually greater at its margin than in its 
centre. For instance, when the beam from an arc light passes 
through an ordinary lantern condenser, if the rest of the lantern 
front be removed so that the beam can be seen in the air .beyond 
the condenser, it will be obvious that it does not consist of a 
simple cone. The light from the edge of the condenser comes 
to a focus nearer the lens than that from the central part. 

(a) Simple Lens.— The spherical aberration of such a lens can 
be found by first cutting away all the central portion of the light 
through the condenser, by a disc placed over the centre of the 
lens, which allows only a ring of light round the margin of the 
lens to get through, and focussing the image of the source of 
light (which for this purpose may be an ordinary flame illumin- 
ating a cross-wire), formed by this hollow cone of rays. Then, 
cover all the lens except the centre by a card with a hole in it 
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about i"' in diameter, and find the focus for the central cone of 
rays, the cross-wire not having been moved. The distance 
between the two foci is the longitudinal aberration, s, of that lens 
for this object distance. 

The positions of the foci for central and marginal rays respec- 
tively may be conveniently found by covering the lens with a 
cardboard disc, in which two rings of holes have been pierced, 
one on a circle nearly as large as the lens-aperture, the other on a 
small concentric circle. The positions of the points to which 
the two cones of rays converge can be easily ascertained and 
distinguished. 

The aberration is proportional to the square of the inclination 
of the rays, and for similar lenses is proportional to their focal 
lengths. If, when the incident light is parallel, this aberration is 
put equal to f being the focal length of the combination 

and <l> the circular measure of the angle which the marginal rays 
forming the image make with the axis, the quantity s will be 
independent of the focal length and aperture, and depend only 
on the design of the lens. It will be constant for a series of 
lenses of similar design. It may be termed the coefficient of 
axial spherical aberration, or the “ aplanatic coefficient” 


(^) Photograpliic Objectiy©. — The axial aberration of a photo- 
graphic objective can be found by the autocolimation method 
described on page t8i. The marginal rays are obtained by 
opening the diaphragm of the lens to its full extent and cutting 
off the central pencil by a black disc temporarily attached to the 
front of the mirror. The axial pencil is easily obtained by 
stopping down the lens with its own diaphragm. Then, if « is 

the “/ number” of the largest stop, ^ = and therefore the 


coefficient is given by 


A ^ S 

A.y, 


when A is the longitudinal aberration, ie. the distance between 
the foci for coitral and maigiimi rays respectively. 

(c) Miero-objecttve. — The aberration is found exactly as that of 
the photographic objective, using of course the apparatus of 
§ 135 - 
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159. AstigmatisirL — The astigmatism may be measured very easily 
by rotating the lens horizontally about the vertical axis of the 
turn-table through a known angle, and focussing first a vertical 
wire of a pair of cross-wires of which the image will be formed at 
the primary focal line y and then the horizontal wire, the image of 
which will be formed at the secondary focal line. Measure the 
distance between the two positions, which will be a measure of 
the astigmatism at that inclination. 

The oblique cone of rays after refraction passes approximately 
through a line perpendicular to the paper at ^3 (Fig. 19^)5 
through a line in the plane of the paper at Q3, where the refracted 
ray meets the oblique axis OM. The distance apart of these two 
lines, measures the astigmatism of the pencil. The astigmatism 
depends upon TF^^, where ^ is the inclination of the axis of the 
pencil to the axis of the lens ; expressed in circular measure, T is 
a constant, and may be termed the '‘astigmatism coefficient,” for 
the astigmatism is proportional, according to Petzval, to the square 
of the inclination of the axis of the incident pencil to the axis -of 
the lens. 

Then we may put ^ _ TF^^ 

or T = = (nearly), 

where r is distance between the points of intersection of the axes 
of the lens, and of the oblique pencil, respectively, with the focal 
plane. 


160. Curvature and Distortion. — Let OA (Fig. 191) be the axis of the 
lens passing through the centre of the stop D35 and Yp be the plane of 
a fiat object perpendicular to this axis, and let Q be the conjugate 
focus to P, so that the plane QM through should be the conjugate 
focal plane to pV. If the image qoipxs not on this plane, the focal 

surface is curved, the curvature being The curvature of the 


images formed by the primary focal line which is at and by the 
secondary focal line at Q3 will be different from the curvatures of this 
geometrical image q. fact, if the curvature of the surface formed 
by the geometrical foci, the q surface, be - U ; that of the primary 
focal line surface, the surface, will be -U-sL^; that of the 
secondary surface will b — U - L^^. 
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The curvature of the field may be measured over a small 
distance with the same apparatus if the mirror is kept close to 

the lens. The radius of curvature is equal to and the “ co- 

efficient of curvature” may therefore be taken to be 

Placing the lens so that its axis is perpendicular to the screen, 
rotate the mirror so as to form an image at distances of i, 2, 3, 4 



cm, from the centre. Keep the lens still, and move the screen 
forward to obtain a sharp image at each distance, and measujpe 
the amount the screen has to be moved. If the curvature is not 
too great, as this movement forward of the screen throws the rays 
falling upon the mirror out of parallelism, it will make the apparent 
curvature of the field only half its actual amount If, therefore, 
the readings to right and left of the centres at each distance from 
the centre be added together, the sum ipay be used for the value 
of in the formula, - 

As the flatness of field wfll only be of importance when 
copying from other pictures, it will rjeally be fairer to the lens 
to test it under ^milar CQnditi<^ ; and therefore both this and 
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the next error (distortion) are better measured with the following 
apparatus : 

Apparatus.— KB is a screen at right angles to the bed of the 
optical bench CD. A second similar bed EF is fastened at right 
angles to CD and parallel to AB. The screen AB is mounted 
upon a stand so that it can be moved to and fro along CD. 



Fig. 192.— Simple Bench for measuring Distortion. 


Upon EF is a stand carrying a screen containing a cross-wire 
facing AB, and a flame to illuminate the cross-wire. The lens 
L to be tested is placed upon CD with its axis parallel to CD, 
and the distances of L and AB from the screen S are adjusted so 
that an image of S is formed on AB the same size as the original ; 
that is, the distances from S to L and L to AB are equal. 

A scale is marked in cm. on AB, beginning with the zero 
opposite the axis of the lens and numbering each way. 

Begin with S in the centre of EF so that the image of the cross- 
wire is formed at the zero on the scale AB. Focus it carefully, 
then move S until the image is formed at each of a series of 
equidistant points on AB on each side of the origin. Read the 
positions of S on the scale on EF, and of the image on the scale 
on AB, and also the amount the stand AB has to be moved in 
order to obtain a perfect definition at each position of the image. 
The lens itself must not be moved, and care must be taken that 
the stand of S is kept well against the guide on the bench EF so 
that its movement is made accurately in a plane perpendicular 
to CD. 
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Enter the results in columns thus ; 


Position of S on Scale 
EF. 

Position of 
Image on 
Scale AB. 

Position of Stand on 
Scale CD. 



Left. 

Right. 

Mean 

=a. 


Left. 

Right. 

Sum 

=c. 

d_ 

a 

c 











^ is the curvature of the focal surface. Therefore, if the mean 

value of the last column is found and multiplied by 2/, the co- 
efficient of curvature will be obtained, which is taken to be the 
focal length of the lens divided by the radius of curvature of the 
focal surface. The numbers in the last column will be a constant 
if the surface is spherical \ but not if it is irregularly curved. 

The distortom will be given by ^ - i if the distances of the lens 

from the scale and screen respectively are equal; for then the 
ratio of the size of the object to that of the image in the centre 
of the field will be unity, and for a lens free from distortion will 
remain unity at all distances from the centre ; that is for all sizes 
of the image. 

1 61. Coma. — Let AOB be the axis of a lens, and suppose the 
lens perfectly corrected for spherical aberration and astigmatism,^ 
so that pairs of rays from a point P (not on the axis) which are 
refracted by the lens at equal distance on opposite sides of the 
oblique axis POQ are converged to the same points, Qj, Qg, etc. 
It may further be free from curvature of the field, so that Q, 
Qi, Qa are all on the plane BQ, conjugate to the plane AP. 

Yet the points to which these pair of rays converge will not 
necessarily be Q. Petzval showed that the distance of a point 
from Q is proportional to the square of the distance from O 
to the. points Lg, at which the p^ir of rays converging to 
cut the lens. The result of this aberration is to produce a 
“ flare ” on the image' surface. The image of a bright point P 
formed by a lens c^herwise free from aberration is usually a some- 
what egg-shaped patchy much b%hter at the small end and 

^ S®ESce ocH^pomid lenses. 
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fading gradually in all directions to the boundary. The diameter of 
the flare QQg is proportional to the square of the aperture, and 
to the inclination of the axis and of the pencil (more accurately 
to its tangent). 


G 



By placing a screen CD near the lens, in which are cut holes as 
shown in the figure, photographs may be taken first upon a plate 
placed at and then on one placed at Bg of the intersections of 
the rays with these planes. From these it is easy to calculate 
where each ray cuts the image plane BQ. Thus the amount of 
the coma can be estimated. 

— In the best modem lenses the errors above enumerated are 
corrected to such an approximation that the residual small errors do 
not obey SeidePs formulae ; in other words, the coefficients above 
defined are not constant for a given lens. In such a case either the 
minimum value of the coefficient, or its value under specified con- 
ditions, could be found. The simple methods here given may not, 
however, be sufficiently delicate to measure the coefficients. 

162. Beck's Testing Bench. — A very convenient bench, upon which 
all the measurements of aberration can be made, has been devised 
by Messrs. Beck, and improved by Chalmers— a modified form is 
shown in Fig. 194. 

The lens to be tested is carried on a turntable C, rotating about 
a vertical axis 0 . On this is a slide D, which can be moved to and 
fro by the milled head M. This slide carries a large ring RS, in 
which an inner ring fits on ball bearings, so that it can be rotated 
within the outer ring. The inner ring has a coarse thread, and 
an adapter a-y is made which fits the thread of the lens to be 
tested, and screws into the ring. Thus the lens to be tested is 
attached centrally to the inner ring by its appropriate adapter, 
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and it can be rotated round its axis to test the alignment of its com- 
ponents ; it can also be adjusted by turning M so that one of its 
nodal points is above O, the axis of the rotation of the turntable. 

The turntable is mounted on a carriage on a long bar. On the 
far end of this bar or on a separate similar bar is a collimator, 
not shown in the figure, furnished with a good telescope objective. 
The object, which is of course in the focal plane of the objective. 



Fig- 194. — Testing Bench for Compound Lenses. 


I 

may be either a pin-hole for some tests, or a cross and circle (as 
in g 33) for others. Any good light may be used. The collimator 
stand should be furnished with small milled heads to enable i 
to be adjusted both vertically and horizontally. 

At the front end of the bar is a carriage Q, with a sliding 
bar HK, bearing a microscope Tg, which magnifies some 40 times. 
It has a long body (about iS inches), so that it may have a good 
range of focus, without the observer having to get too close to 
the end of the bar. 

A long straight dovetail groove AB is attached to the turntable 
ABC by means of a slide EF. The groove is perpendicular to 
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the shde and parallel to the face of the 

the focal plane of the lens to be tested. The shde EF is ^mllel 
to the slide D, and like it is fitted with a rack and moved by a 
pinion N^, by which the distance of the slot from the plane of 
RS can be varied from about 3" up to 18". . 

In this groove slides a nicely fittmg plate, which is pivoted at 
K to the sliding bar HK, on the carnage Q. The Pjate also 
carries a cross-wire vertically over the pivot K. The milled h^d 
N, mves a focussing adjustment to the microscope T^ relatively 
to this sliding bar through a small range; this rnovement is 
furnished with a scale. The focal plane of the microscope is 
vertically over the pivot K in the zero posipon of the scale. 


Insert a lens in the RS by its adapter a, a-^, set the turntable 
with the axis of the lens parallel to the bar, and focus the 
microscope Tj upon the image of the pin-hole (or cross and 
circle) by the milled head Nj. If the nodal point is not over 
the axis of rotation, the image will move sideways when the 
turntable is rotated; this movement is to be conected by the 
milled head M. 

If the lens has a flkt field, this field will be parallel to the 
groove AB, and should intersect it in a plane passing through K ; 
thus, if the turntable be rotated, the bar HK will cause the 
microscope to be carried back at exactly the rate necessary to 
keep the image in focus. If the field is not flat, Tg will have to 
be adjusted to keep the image in focus, and this is done by the 
milled head ; the amount of the motion, relatively to HK, will 
measure the error. It is read by a vernier V on Ng. To enable 
this measurement to be made for definite positions of the tuin- 
table, the latter is furnished with a scale of degrees to measure its 


an^lar displacement. 

If there is astigmatism, the vertical and horizontal lines of the 
cross must be focussed in succession, and the difference of focus 


will measure the error. 

The amount of coma can be estimated by observing the 
unsymmetrical flare produced when the pin-hole is used as oBject 
at the end of the collimator, and the turntable is rotated.^ 

Measure the curvature of the field, and the astigmatism, of a 
compound photographic lens, of which the components are 
mounted in such a way that their distance apart can be varied, 
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and see how the errors are affected by increasingor^ 
the separation Also of a 

stop used with ^ lens (i) a plano-convex, 

and (2) a converging meniscus lens, with the stop jn 
various distances, and also behind 
the lens (i) towan 

5 tain 



witn the stop m , 



Plot the errors! 
curves for each variation. 

If a lens is to be\|ested under the conditions in 
used in enlarging or a.shord 

can be put in the slide AB, ind tSIWr^me clamped in its zero 
position. A glass scale (or a series of clear horizontal and vertical 
lines on a blackened glass plate) mounted on a stand perpendicular 
to the length of the bench, and illuminated from behind, may be 
used as object. The microscope must be capable of being 
rotated about a vertical axis which should pass through the 
focal plane of the objective, so that the rotation of the microscope 
may not displace the image. 


Chromatic Err^ of Oompomid Lenses. 

163. DidcussioiL — If two colours only are considered, say the 
yellow and the blue, a lens which is free from all the errors due 
to spherical aberration may yet suffer in two ways from chromatic 
errors, (i) The focal length of the lens for the yellow rays may 
not be the same as that for the blue. This will result in the 
image of a distant object formed by the yellow rays being of a 
different size from that formed by the blue rays ; it may or may 
not be in a different position. 

(2) The second principal point for yellow light may not 
coincide with the one for blue light. The focal plane is at a 
distance equal to the focal length of the lens from the second 
principal point, and therefore its position depends not cmly upon 
the focal length but upon the position of this principal point, 
and the position of the principal point will depend upon the 
colour. Thus, even if the lenses are so calculated that the focal 
lengths for yellow and blue have been made equal, the focal 
planes may still not coincide, being, as already observed, depen- 
dent upon the position of the second principal points. . 

It might happen, on the other hand, that the focal planes co- 
incided, though the two focal Imgths were unequal, if the principal 



222 


TREATISE ON PRACTICAL LIGHT 


points' for the two colours were • so situated that their distance 
apart was equal to the difference of the focal lengths. If so, the 
yellow and blue images would coincide in the centre of the field, 
but they would not be the same size, and would therefore not 
agree at the edges of the field. 

In order that the images formed by the yellow and blue may 
be identical and identically situated, therefore, not only must 
the two focal lengths be equal, but the principal points for both 
colours must be coincident 

For any ordinary achromatic lens this is all that is attempted. 
For photography, however, this is not sufficient, and those lenses 
known as “ apochromatic lenses” are supposed to be corrected 
for three parts of the spectrum, the red, green and violet, or 
ultra-violet. 

164. EagperimentaL — The equality of the focal lengths can be 
determined by measuring them with the nodal slide as above 
described, with ‘each of the coloured lights in turn. The latter 
can be produced by using the coloured media employed by 
Maxwell, namely sulpho-cyanate of iron for the red, ammoniated 
solution of copper for the blue, and copper chloride for the 
green. The distance from the screen to the axis of rotation 
should be the same for each colour, this distance being the focal 
length. If not, the difference between the red and the blue focal 
lengths divided by the focal length, and also between the green and 
the blue focal lengths divided by the focal length, will measure the 
chromatic aberrations for the red and green respectively. 

To find the distance between the principal points (or nodal 
points), the amount the lens has to be moved upon its stand, 
when adjusting the principal point to coincide with the axis of 
rotation, must be observed. It may be more useful in practice 
to know the distance between the focal planes for the three 
colours instead of between the principal points. This may be 
calculated from the difference in the focal lengths and the 
distances between the corresponding principal points, but it may 
also be observed directly by focussing the image with each of the 
coloured solutions in turn, by means of the screen only, the lens 
itself not being disturbed between the three observations. 

If desired, the various spherical aberrations might be measured 
with each of the coloured lights and compared, but the difference 
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between them will only be of the second order and within the 
limits of experimental error. 

165. Measurement of Aberratiom — The chromatic aberrations can 
be measured by a modification of the apparatus (p. 1 80) by which 
the focal lengths for definite spectrum colours can be found. 

The light from an incandescent burner B is reflected by a 
small right-angle prism forward to the lens L mounted on a 
turn-table N. The light then passes through a prism on to 
a mirror M ; the mirror reflects it back through the prism and 
lens, and if the lens is at its focal length from the screen Sj a 



Fig. 195. — Chromatic Aberration of a Compound Lens. 


spectrum will be formed on the screen, which has been produced 
by the dispersion of the prism P. The spectrum is well dispersed 
since the light has gone twice through the prism P. 

To produce a pure spectrum, a horizontal slit would be 
necessary at S. But it is not necessary to have a pure spectrum, 
and a narrow slit will cut down the light to too great an extent 
and make it impossible to say exactly when the lens is in focus. 
Instead of this use a straight edge at S to limit the field 

on one side only. Adjust the prism and mirror until the image 
of this edge almost coincides with the edge itself. Then if the 
straight edge extends above the prism R, and a microscope is 
mounted to view this edge and its image just above R, a narrow 
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coloured band will be seen, if properly adjusted. By varying the 
inclination of the mirror, any colour can be brought into the 
field of the microscope in turn. 

In practice, the microscope is mounted with two focussing 
screws, and Tg. T-^ moves the microscope alone in the usual 
way, and thus enables the straight edge itself to be sharply 
focussed ; Tg moves the stage carrying the straight edge and the 
prism R as well as the microscope ; thus Tg enables the distance 
from S to the lens to be varied without disturbing the focussing of 
the microscope. The movement produced by Tg can be read by 
a vernier, V, on a scale attached to the moving part. 

Adjustments. — The lens is put on the turn-table, its axis 
adjusted in a horizontal line at such a height that this line is 
level with the top of the prism R. Then a piece of white paper 
is put against the lens, and the light B placed so that the light 
reflected by R falls on the paper, and will pass through the lens 
when the paper is removed. Screens must be put round the 
light, so that it may only fall on R, and the direct light cannot 
reach either the lens L or the observer at O ; in fact, the more 
enclosed the light and the darker the room the better. 

A mirror is now temporarily put immediately behind the lens, 
as in the former experiments, and the distance of the lens from 
the screen S adjusted as before, so that a clear image of the 
aperture in S is formed by its side on the screen S^, and that this 
image is stationary when the lens is rotated. 

Next, the prism P is set up with its refracting edge horizontal, 
as in the figure, to receive the light from the lens ; by holding a 
piece of white paper against the prism, it is easy to see if the light 
is really falling on it properly. 

Then the mirror M is put to receive the light from P (again 
making use of a piece of paper), and rotated until the light is 
reflected back through P and L and forms a vertical spectrum 
on the screen S. (If this screen has been blacked, a piece of 
white paper, in which a hole has been made for the light to pass 
through, can be hung on it for a minute while M is adjusted.) 

Now rotate P until the light passes through at minimum 
deviation. 

All these adjustments are made without using the microscope. 
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But having made the spectrum nearly coincide with the aperture 
in S, remove the paper and insert the straight edge — its edge 
vertical — ^and place it so that it appears nearly in the centre of 
the field of the microscope, and focus the latter upon it with Tj. 
By rotating M about a horizontal axis get the yellow light into 
the field, and by rotating either the mirror or the prism about a 
vertical axis, get the image of the slit into the field. Adjust Tg 
till the image is as sharp as possible. There should now be a 
narrow vertical strip of yellow light falling into orange at the 
bottom and greenish yellow at the top, bounded by the straight 
edge on one side and the image of the straight edge on the other, 
{,e, it should be nearly dark on each side of the coloured strip. 

If the straight edge is not set quite parallel to the length of 
the spectrum (/.<?. quite vertical), its image will be bounded by a 
narrow fringe of green or of pink, according to the direction in 
which it slopes. It must be turned round in its own plane until 
this fringe disappears. It will now be found possible to focus 
the image of the straight edge with Tg more sharply. 

Rotate the lens very slightly — say 10® each side of the axial 
line — and see if it is correctly placed with its nodal points (for 
yellow light) over the axis of rotation, by observing if the image 
of the slit suffers any lateral displacement as the lens rotates. 
Having if necessary corrected this, and refocussed the image 
either by moviiig the lens stand bodily if much is required, or 
by turning Tg if the amount required is small, the lens stand 
should be clamped and all future focussing done with Tg. 

The final focussing is best done by getting the slit and its 
image very close together in the middle of the field of the 
microscope. First focus the slit with Tj, then the two together 
with Tg. The slit and its image must be so close together that 
they can be seen at the same time. If one is looked at and 
then the other, the accommodation of the eye can be changed 
so rapidly that both may appear sharp, although they are not 
exactly in the same plane, but if tire attrition i$ fixed on a point 
in the centre of the field, midway between the slit and its image, 
and if they are so close together that th^ appear separated by a 
mere line of light, it wiU found possible to focus to a high order 
of accuracy. The; ;iaedui^ of this focussing be judged by 
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taking a series of readings, refocussing .both and Tg between 
each reading, and comparing the readings. They should all agree 
to within one or two tenths of a millimetre with a half inch 
micrcHobjective and any ordinary photographic lens. 

— It will probably be found that the achromatism of 
the photographic lens is better than that of the microscope. As, 
however, only one colour will be used at a time, this is immaterial 
if only the microscope is focussed by on the edge itself each 
time the colour is altered. Probably there will be a bad flare 
when the lens is placed exactly axially, caused by the light 
reflected by the surface of the lens itself. This will be especially 
noticeable in the red and violet owing to the 
small luminosity of those colours. It can be 
almost entirely eliminated and the purity of 

the spectrum increased by cutting off all the 

light reflected by R, except that from a small 
square of about i mm. side level with the top 

of the prism, by a piece of black paper cut this 

Fig. 196. shape. 

By raising or lowering this the amount of light can be varied 
at will 


It is well to work with known wave lengths. To obtain these 
interpose a Bunsen burner between B and R, and with sodium, 
potassium, strontium and thallium in turn set the mirror M so 
that the yellow, red, violet, blue and green may be seen in the 
field, screening the light B for the moment The focussing in 
each case must be done with B, as the coloured lights given by 
the salts are not sufficiently bright j their only function is to fix 
definitely the colours. 

166. CominerGial Xestingr. — The colour corrections of a lens can be 
^es/ed best by forming an image of a flat sheet of perforated zinc 
by means of the lens on a ground-glass screen. The zinc must 
be illuminated from behind through a sheet of opal or ground 
glass. Then if there are outstanding chromatic errors, the images 
of the perforations will be drawn out into coloured spectra towards 
the margins of the field, or there will be coloured margins round 
tbek images. The former indicates an inequality in the magni- 
for dii'^rent colours, in the fcK^ togths for these 
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colours. The latter shows that the images are not formed in the 
same plane. By watching the change in the appearance of the 
image as the distance of the ground glass from the lens is slightly 
varied, the nature of the error can be estimated. With practice 
in this method the results become veiy^ trustworthy, and it is 
probably therefore the best to use when adjusting a lens. 

Accuracy of Alignment of the Components of a 
Compound Lens. 

167. It is very important in a compound lens that all the surfaces 
shall really be coaxial. This can be readily tested (and if desired 
adjustments made) by pK)inting the lens at a point source of light, 
and observing the series of images formed by successive reflections 
in the surfaces of the lenses. The images should all appear to 
lie on a straight line. 

For the point source of light, use the image of a small circular 
source of light that from an incandescent gas flame issuing 
through a small circular aperture) that is formed by a bulb of 
mercury. This must, of course, itself be accurately on the axis 
of the lens. The series of bright specks of light are easily seen 
on looking through the lens towards the l^t. They should 
appear to be exactly in one straight line. 

BsaminatioiL of the SurfiBrce of a Concave Mirror. 

168. Foucault's BEot^od. Theoiy- — When light starts from the 
centre of curvature of a concave mirror, and is reflected from the 
minor, it will be focussed once more at the same point. If it 
starts from a pomt a little to one side of the centre of curvature, 
it will be focussed at a point a little to the other side. 

Let ABC be the mirror, and S a bright spot of light close to 
the centre of curvature; P its image formed <m the of 

the c^tre of curvature. An eye placed at E would receive light 
from S by rejection from every poii^ of dxe surfece of 
the minor AB, and thm whole of tlm surfece wdujd appear 
b3%ht No .oonfSO, mU be visible. The eye 

M»d P, arid still see the 
h enough, to 
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contain the whole cone of rays. Thus if E1E2 be the pupil of 
the eye, the angle EjPEg must not be less than the angle APB. 

Suppose now that a card with a vertical edge is gradually 
moved in the direction GF. If the whole of the light from the 
mirror is concentrated at P, the card will produce no effect until 
its edge reaches this point P ; then it will shade the light from the 
whole surface of the mirror simultaneously, so that the mirror 
will grow dim, but will do so uniformly all over. It will not 
cut the light off instantaneously unless the point is infinitely 
small. If the card is placed in the path of the rays, either 
nearer the mirror than P or further away, it will not cut off the 



Fig. 1Q7. 


light uniformly from all parts of the mirror; for instance, if 
the card is nearer the mirror than P, it will shade the part of the 
mirror near B first, and, as the card is moved forward, a shadow 
will cross the mirror in the direction BA. If the card is further 
from the mirror than P, it will shade the mirror first on the side 
A, and the shadow will travel in the opposite direction, namely 
from A to B. 

Suppose next that the curvature of the mirror is not constant 
over its surface, and that the outer zone of the mirror focusses 
the image of S at a greater distance from the mirror than the 
central part of the mirror, and that P;^ is the image of S formed 
by the central, and Pq by the marginal part of the mirK)r AB, 
Then it is evident that if the card be moved in the direction 
GgFg, to cut the cone of the rays at Pg, it will shade the_^marginal 
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parts of the mirror uniformly ; but, being further from the mirror 
than the point to which the central rays converge, it will cause 
the centre of the mirror to shade unevenly, and the shadow will 
travel across the central portion of the mirror in the direction CD. 
If placed in a position so that it cuts the cone of rays at Pj, 
it will shade the centre of the mirror uniformly, and the margin 
unequally. The shadow on the margin wdll travel from B to A. 
At an intermediate point it will shade the one part of the outer 
zone of the mirror and the opposite part of the central portion 
of the mirror as in the diagram. 



Fig. 198. 


If, on the other hand, the marginal part of the mirror is more 
curved than the central zone, the image P^ formed by the central 
zone will be farther from the mirror than Pg. In this case the 
directions in which the shadows appear to travel across the mirror 
will be reversed, as can easily be seen by drawing the figure. 

In the former case the section of the mirror would be elliptical, 
parabolic or hyperbolic. In the latter case it would be elliptic ; 
the axis being the minor axis of the ellipse, the surface itself would 
be an oblate spheroid. Whether the mirror be elliptic, parabolic 
or hyperbolic, can be determined with practice, by the extent of 
the shadow. It can also be determined by measuring the aberra- 
tion, that is the distance between P^ and P^. For a parabolic 
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R2 

mirror this distance is given by where R 


the radius of the 


surface of the mirror and f its focal length. This aberration 
will be seen to be very small. For instance, a six inch parabolic 
mirror of hve feet focus would have an aberration less than 


169. Apparatus } — The concave mirror to be tested ; a point 
source of light, and a card. The point source of light is most con- 
veniently made by surrounding the glass chimney of a very small 
lamp (such as is used by a microscopist), with a zinc chimney in 
which is a hole about diameter on a level with the flame. 



Fig. J99. — Examination of a Concave Mirror. 


The card must be attached to a squared block of wood, and a 
straight edge must be held on the table for this block to slide 
against, or a sort of small optical bench similar to that described 
on page 53 may be used. 

For accurate work the rough screen above described is not 
convenient, and one which can be more easily controlled is 
necessary, as in Fig. 200. In this figure A is a base board which 
rocks on two rounded legs, G, G', which stand in a triangular 
hole (shown separately at L), and a slot K. The third leg is a 
screw F which rests on a plane. On the base is fixed an upright 
board B, cut at the top to a portion of a circle of which the 
centre is at the hinge H. This hinge attaches a narrow board D 
to the base A, to which the screen C (of card or zinc) is fastened. 
D is held against B by an elastic band R, and can be forced 

1 For instructions for grinding and polishing a mirror, see p. 494. 
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away from B to any small distance required by the screw E. A 
vernier V is attached to the back of D, which reads on a scale 
marked 011 the top of the board B, and thus the movement 
forward of C can be read off. 



Fig. 200. — Adjustable Screen for Foucault Test. 

Experiment — The mirror is set up with its plane vertical. At 
a distance equal to twice its focal length, the lamp with its pin 
hole, and the card, are placed conveniently on a table so that the 
observer may sit behind them. If the observer prefers to use his 
right eye, he should have the lamp on the right side of his head, 
and move the card from left to right; for the left eye these 
positions should be reversed. If the mirror is a good one, so 
tliat its figure is fairly perfect, no reliable observations can be 
made unless it is treated with very great care. The warmth 
produced even by touching it with a finger will show for a long 
time, also the unequal density of the air in the room in the day- 
time will affect it, so that for good work the observations should 
be taken at night. The room should be fairly dark unless the 
mirror is silvered, and then this is not necessary. 

The light being adjusted, the eye should be moved about and 
the position found in which the mirror appears bright If this 
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position is not close to the lamp and on a level with it, the mirror 
must be tilted until this is the case. Or a screen may be placed by 
the side of the lamp and the mirror adjusted to form an image of 
the pin hole upon the screen. The pin hole and its image must 
be at about the same distance from the mirror, but if the mirror 
is of 5 or 6 feet focal length, they may be 2 or 3 inches apart with- 
out injury. For mirrors of short focus a small right-angle prism 
can be used to reflect the light from the lamp forward on to 
the mirror. In this case the pin hole should be close to this 
prism. The eye can then also be put quite close to -the prism, 
and therefore both can be very close to the axis of the mirror. 
When the eye is placed at the correct position the whole mirror 
will appear bright. On sliding the card across to cut off the light 
from the mirror, it will be easy to see if the shadow appears to 
travel across the mirror in the direction in which the card is 
moving (in the case of the right eye, from left to right) and if 
so the card is too close to the mirror. In this way the position 
of the point P can be easily determined approximately. If the 
mirror is truly spherical, or even very nearly so, the shadow will 
be very uniform. The card should then be placed to cut off 
nearly the whole light, and a sketch made showing the manner 
in which that which remains is distributed. From this shading 
the type of surface is deduced. The actual measurement of 
the aberration is one of some difficulty, and very discordant 
results will be obtained at first. It is only by taking the mean 
of a large number of observations of the position of and 
Pg that any reliable numerical determination of aberration can 
be made. 

The speculum should at first appear completely illuminated 
like the full moon. Then as the screen is passed across from left 
to right by means of the screw F, if the wall of shadow also passes 
from left to right, the screen is too near the speculum. As the 
light fades away irregularities will appear. If there is a patch of 
especial brightness the glass is too high there ; a dark shadow 
shows a depression. If the curve is spherical, the light will fade 
equally and at once. If the curve is an oblate spheroid, the edge 
and the centre will be bright, and the intermediate part dark ; if 
hyperbolic these will be reversed. 
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For measurements, a series of screens exposing portions of 
zones must be made of black card. Each card can be made to 
do for two zones as in the figure, the pair of 
openings in the zone under test lying right 
and left of the centre; the card must, of 
course, be turned through a right angle to 
measure the other zone. Fig. 201. 

For a parabolic mirror. 

the aberration should be 

_ (mean radius of zone)- 
radius of curvature of speculum' 

170. Retinoscopy or scioscopy, w^hich is one of the best methods of 
determining the refractive errors of a patient’s eye, depends upon 
the same principle as Foucault’s shadow test. To iliustrate it, 
set up a convex lens of any convenient focal length — say 3" — at 
a little more than its focal length from a white screen. On the 




Fig. 202. — Retinoscopy. 


other side of the lens put a pin hole about a yard away from the 
lens, through which the observer is to look at the lens. In front 
of the pin hole and a little on one side put a plane mirror to 
reflect the light from a flame S on to the lens. The screen should 
be shaded from all light but that coming through the lens. 
Then on the screen will be formed a more or less distinct image 
of the lamp. By rotating the mirror the image on the screen 
will move to and fro slightly. If the pin hole B is conjugate to 
the screen A, the eye will see only a uniform illumination of the 
lens, the brightness of which depends upon that of the spot of 



Fig. 201. 
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the screen which is conjugate to the pin hole. Thus, as the 
mirror is rotated, the lens will suddenly come bright or dark, as 
the image of the flame falls upon or leaves the spot on A, which 
is the image of the pin hole. 

If now the screen A is moved further from the lens, so that it 
is no longer conjugate to the eye at O, the lens will light up from 
one side. The reason for this can easily be seen from Fig. 203. 
For let DEF be the new position of the screen, and suppose that 
DE is bright and EF dark ; then the lens AB as seen from O will 
appear dark from A to C and bright from C to B, since the light 
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Fig. 203. 


from the bright part DE will reach O through the rays which pass 
through the portion CB of the lens. The direction in which the 
shadow moves across DE does not depend on the distance of DE 
from the lens AB, since it is caused by the motion of the image 
of S (Fig. 202) produced by rotation of the mirror. If, for instance, 
the mirror is rotated clockwise, the image moves down and the 
light on A moves up. 

If the screen is moved forward, nearer the lens, the latter will 
light up from the opposite side for any given motion of the mirror. 
Thus, by observing the way the lens lights up, it is possible to tell 
when the pin hole is conjugate to the screen. 

It is obvious that if the screen were at a fixed distance from the 
lens, it could be made conjugate to the pin hole by altering the 
power of the. lens, Le, by adding to the lens a .suitable convex or 
concave lens. When this added lens causes the shadow to come 
over the whole of the lens simultaneously, the screen and pin hole 
will be conjugate. 

Thus if the screen and lens be assumed to represent the retina 
and lens system of the eye, the lens which placed in front of the 



ABERRATIONS OF LENSES AND MIRRORS 


235 


eye causes the shadow to appear all over the pupil at once (and 
not to move across it from one side or the other as the mirror is 
rotated), will be the lens which makes the retina conjugate to the 
observ^er’s pupil. The obser^-er is usually about a metre distant ; 
thus the correction for the patient's sight for infinity is about one 
diopter less convex (or more concave) than the lens above found. 


The Longitudinal Aberration of the Lens of a Lantern 
Condenser. The Aplanatic Foci. 

1 7 1. Apparatus . — A convergent beam will be required free from 
spherical aberration, or something that is equivalent to such a 
beam. For this purpose use a telescope TW, containing a 
cross-wire at W, but with the eye-piece removed; a candle, S, 
illuminates the cross-wire. The focal length of the objective of 



Fig. 204. —Aberration or a Lantern Condenser. 


this telescope should not be more than four or five inches. The 
telescopes supplied with sextants have suitable lenses, but must 
be able to open to about twelve or thirteen inches. A sextant 
objective (it can be procured for a few' pence) may be temporarily 
mounted in an ordinary draw tube telescope. The telescope and 
candle are mounted on a rough carriage, and slide on an optical 
bench. A short optical bench rotates on a pin at one end 0 
fixed in a heavy block lying on the large optical bench. The 
lens to be tested is supported on a block D. On still another 
block C is a small screen B, with a horizontal scale at the level 
of the telescope, which can be set at any distance from the lens. 
There is another small screen A, wdiich can be temporarily placed 
upon t&e axis O, about wMch the telescope arm rotates, so that 
the lens and' the screen B may be moved to and fro without 
disturbing the telescope or the screen A. 

Experiment — Having removed the two blocks, C and D, the 
cross-wire of the telescope illuminated by the candle is focussed 


236 


TREATISE ON PRACTICAL LIGHT 


upon A, so that there emerges from the telescope a beam of rays 
converging to A. 

The lens is now to be replaced, taking care that its centre is 
at the same height above the table as the axis of the telescope, 
and that the light from the telescope goes through the centre of 
the lens; the surface of the lens should be normal to the axis 
of the telescope, the axes of the lens and telescope being co- 
incident As the light emerging from the telescope is converged 
by this lens, it will form an image of the cross-wire somewhere 
in front of A. Place the screen B to receive this image, and 
carefully focus it. To assist in focussing the screen, the short 
bench may be moved a small amount to and fro each way about 
the axis O, and if the image appears stationary upon B it is 
correctly focussed. If not, B must be moved nearer or farther 
from the lens until this is the case. The position of the pointer 
attached to the base C, on the scale of the bridge, is to be 
noted. 

Now move the bench carrying the lens through a small angle, 
so that the light passes through the lens at a spot perhaps a 
quarter of the radius of the lens from its centre. 

Move the arm to and fro a very small amount aboqt this 
position, and observe whether the image of the cross-wire is 
still stationary; if not, the screen B must be adjusted until 
it is. The amount it is moved is the longitudinal aberration 
of the lens at this distance from the centre. The aberration is 
to be considered positive if the movement of B was towards 
the lens. 

Again adjust the arm until the light passes through the lens 
at a point half way between the centre and the circumference. 
Find the position of B as before ; measure the aberration at this 
point. Repeat the determinations at a point still nearer the 
circumference, at the edge itself, and at similar positions on the 
other side of the centre. The actual .distances of A and B from 
the surface of the lens must be measured when the Tight is 
passing through the lens centrally. 

Repeat all these readings with the lens at i", 2", 3", 4"... 10" 
from A. It is well to have the telescope as close to the lens as 
the focal length of its objective will allow. 
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Enter the result in a table thus ; 


Distance from A 
to lens. 

Distance from B 
to lens. 

Scale readings at 
centre, i, it J» edge. 

Longitudinal 
aberrations at 
h i h edge. 





2 '^ 



i 

10" 



1 

i 


Plot ‘the aberrations in the last column (for rays which traverse 
the lens at a point f the distance from the centre) as ordinates, 
and the distance from the lens to A as abscissae on squared 
paper. With the ordinary plano-convex condenser lens, the 



Fig. 205. Fig. 206. 


curves will be similar to those in the figure. With a meniscus 
lens, if the curves are sufficiently deep and the lens is fairly thick 
in the centre, one of the curves may cut the axis, as in Fig. 206. 
If so at the two points of intersection the axial spherical aberration 
vanishes. These points are called the aplanatic foci of the lens. 

The Effect of an Increased Thickness on the Aberration 
of a Plano-Ck>nvex Lens. 

172. Apparatus , — In addition to that described for the last 
experiment, we shall require a glass cube of i or 2" side, or a 
trough with parallel sides about 2" from front to back, which 
may be filled with water. 

Experiment — Place the cube against the flat side of the plano- 
convex lens, and let this side of the lens be towards S {Fig. 204). 
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Then, with the cube in the centre of the lens, find the position 
of B for axial rays. By moving the cube so that the rays may 
still pass through it on their way to B, the aberrations can be 
determined for the combined lens and cube for nearly all the 
distances in the preceding table. The aberration will be found 
to be veiy^ much less, and the curve will probably cut the axis. 
Thus a plano-convex lens of this increased thickness would have 
aplanatic foci. Hence, the extensive use of nearly hemispherical 
lenses in micro-objectives and condensers. It is obvious that a 
water bath will diminish the spherical aberration of an ordinary 
lantern condenser. If such a water bath could be placed 
between the condenser and the arc, with one surface close to 
the light, filling up the whole space between it and the condenser, 
its performance could be much improved. 

It will also be found from the results of the experiment that 
the aberration (except when the lens has aplanatic foci) is least 
when the light passes through its peripheral zones at minimum 
deviation. It is obvious that this should be the case when it is 
remembered that the aberration is caused by the focal length of 
the lens for marginal rays being shorter than that for central 
rays. Thus, anything that reduces the deviation for marginal 
rays will diminish its spherical aberrations. A good condenser 
to produce a beam of parallel light with a lantern, would be 
one formed of two lenses, of which the first had aplanatic foci 
at A and B in the figure. The light being placed between A 
and B, this lens by itself would have a negative aberration. 
Such a lens will be a concave-convex meniscus, with its concave 
surface towards the light, or a plano-convex lens of very great 
thickness (but the latter would be certain to crack on account 
of the heat). The second lens can then be a plano-convex lens 
with positive aberration, ' arithmetically equal to the negative 
aberration of the meniscus. To produce a convergent beam, 
this may be combined with another similar pair of lenses, or 
with a plano-convex lens and a water bath. 

173, Let ARB (Fig. 207) be a sphere of glass of refractive index ^ 
of which 0 is the centre. Let P be a bright point, from which PRS is 
a ray refracted at R, and after refraction appearing to come from Q- 
Then p,=sin ORQ/sin ORP. If P is so chosen that OP/OR«»OR/OQ, 
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the triangles ORP and OQR will^ be similar, and therefore the angle 
ORP \vill equal the angle OQR, and the angle ORQ will equal the 
angle OPR. 

Thus ^=sin ORQ/sin ORP 

=sin OPR/sin ORP = OR/OP, 
also = sin ORQ/sin OQR =OQ/OR, 

and the positions of P and Q will be fixed and independent of the 
position of R. In other words, every ray that issues from P will 
appear after refraction to come from Q, or P and Q are conjugate 
aplanatic foci. If a sphere CDE be described, with P as centre, every 



ray from P will strike the surface normally ; the glass on the right of 
the surface could therefore be removed, and P (now in air) and Q 
will still be aplanatic. Or the glass to the right of a plane PLM 
drawn through P normal to the axis may be removed, and P and Q 
will still be aplanatic. Thus a lens of this shape will produce an 
image of the point P entirely free from spherical aberration. It will 
of course not be achromatic. By slightly altering the position of P 
the image may be given negative spherical aberration, and then by 
adding a lens Which has ordinary positive spherical aberration and 
which is over-corrected chromatically, a compound lens free from 
spherical aberration which is also achromatic can be constructed. 
This is the principle upon which micro-objectives of large aperture 
have been constructed. 

A-berratioiis of Eyo-id^jes. 

174. Two4«m Bye-pleee.-— Except in the use of the erecting eye- 
piece of a terrestrial telescope^ which will be dealt with later, an 
eye-piece usually consists qf two lenses at a distance apart which 
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depends upon and is comparable with their focal lengths. They are 
called the “ field lens ” and the “ eye lens/^ the former being the 
one nearer the objective of the microscope or telescope, as the 
case may be, and the latter the one nearer the eye. The field lens 
is so called because (in the absence of a stop) its size will practically 
determine the extent of the image that can be viewed by the eye 
at the same time, and in any case its size will mainly depend 
upon the area of the stop that is to be used to limit the field. 

It is sometimes supposed that an eye-piece consisting of two 
lenses will embrace a larger field than a single lens of the same 
equivalent power could. This, however, is not so if the eye 
is placed in the proper position in each case. Suppose, for 
instance, that a single lens of one-inch focus is to be used as 
the eye-piece of a microscope. It will have to be placed at a 
little less than an inch beyond the image formed by the objective, 
so as to form an image at such a distance that it can be seen by 
the eye, viz. at something between lo inches and infinity for a 
normal adult eye. The lens will form an image of the stop 
of the objective at a little more than an inch beyond the lens 
(at ins, from the lens if the objective is 7 ins. away) ; this image 
of the stop, or exit-pupil,” will be a circle about a seventh of 
the diameter of the objective stop, and all rays issuing from the 
latter must pass through it. Thus it will probably be smaller 
than the pupil of the eye, and if the eye is placed there, the field 
(so far as the eye-piece is concerned) may extend out to the edge 
of the eye-piece lens. This image of the stop of the objective 
is called the exit-pupil, or Ramsden circle, or eye-ring. Of 
course, if the eye is placed either nearer the lens or further from 
it than this circle, the field will become limited by the pupil 
of the eye. 

The two-lens eye-piece has not been adopted therefore to 
increase the field of view, but because it has been found possible 
with it to correct for spherical and chromatic aberrations. It is 
proved in books on geometrical optics that two convex lenses 
of the same kind of glass, placed at a distance apart equal 
numerically to half the sum of their focal lengths, will be 
achromatic for parallel light. In practice, the light pencils 
diverge from the objective, and the lenses have to be put 
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further apart than the mean of their focal lengths. The 
actual distance is ahvays found experimentally. It is more 
nearly equal to the mean of the focal length of the eye-lens and 
of the distance from the field-lens at which that lens forms an 
image of the objective. Or the distance apart is + where 

is given by i//> ; ^ being the focal lengths 

of the eye-lens, the field-lens, and the distance of the field-lens 
from the objective respectively. 

But as stated above, the distance is always foimd experi- 
mentally, being varied to correct the residual chromatic error 
of the objective and to give as flat a field as possible. 

By varying the shape of the lenses (though plano-convex lenses 
are nearly always employed), and by using different glasses for 
the lenses, further variation in the nature of the images produced 
can be obtained. 

In practice, series of observations have to be made, and the 
results of each series noted. Thus, the effect of each kind of 
alteration is known, and in any given case the kind of change 
required to improve the image will also be approximately known. 

175. Apparatus . — A sheet of perforated zinc about i ft square 
supported in front of a sheet of ground glass and well illuminated 
from behind, say with five 8 c.p. lamps arranged in the form of a 
cross with horizontal and vertical arms. About 10 feet away set up 
a telescope- objective of about a foot focal length to form an image 
■of the perforated zinc. Or use a good J or J plate camera 
objective. It is well if possible to mount this lens on the same 
stand as the eye-piece lenses to be tested, in order to be sure that 
their axes shall be* collinear. Probably the most convenient 
mounting is the one of angle-brass described in § 39. In this 
case each of the eye-piece lenses will be mounted in a short tube, 
as also will be the objective and the stop. They can then be 
very easily and rapidly adjusted. 

Suppose the eye-piece consists of a plano-convex eye-lens of j” 
focal length and a similar field-lens of 2" focal length. Begin 
by placing them about apart and with their plane sides 
towards the eye; focus and note (in tabular form) {a) the 
chromatic error ; (b) the amount of spherical aberration ; {c) the 
nature of the astigmatism towards the margin of the field ; and 
{d) the curvature. - By using coloured screens measurements may 

C.L. ‘ Q 
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be made of the amount the objective has to be moved to focus 
the red and the blue respectively near the centre of the field, and 
to focus in yellow light the centre and the margin successively, 
and {a) and {d) can be stated numerically. Repeat with the 
lenses, i'', 2", 2V' apart. Try the effect of reversing each 

lens. Repeat with a i'" and a 3'' lens. Repeat with a i" lens 
of flint, and the 2" of crowm, and vice versa. Of course in all 
ca.ses the eye must be placed at such a distance from the lens 
that the whole field of the image is seen. 

176. The Erectiiig Eye-piece. — This is the eye-piece used in a 
terrestrial telescope in order to obtain an erect final image. It 
may be looked upon as a low^-power microscope consisting of 
two pairs of lenses, of which the first pair is the micro-objective 
forming a slightly magnified image of the image which has been 
formed by the telescope objective, and the second pair is the 
eye-piece of that microscope. The distances are again always 
found by trial. 

In a telescope which I measured, calling the objective A, the 
erecting lenses B and C, and the eye-piece lenses D and E, I 

A 

S B L C 

1 11 

Fig. 208.— Etecting Eyc-piecc 

found the focal lengths as follows, A=:48 cms.^ B = 3*8 cms., 0=4*75 
cms., D=4*6 cms., £=3*0 cms. The distances apart were approxi- 
mately AB=48 cms., BC = 5*8 cms., CD =10*2 cms., DE = 5 cms. 
There was a stop L between BC such that BL=4 -i cms., and a stop 
M between DE such that ME =3 cms. 

It will be found that the image of the lens A formed by the lens B 
coincides with the stop L. The image of L formed by successive 
refractions through the lenses C and D is 7*18 cms. to the far side 
of D. The distance apart of D, E, very nearly equals the mean of this 
number 7*18, and of 3 the focal length of E. 

The final image of L is 1*26 cms. beyond E, which is the exit-pupil 
or Ramsden circle. 

The stop M is at the principal focus of E. Following this stop back- 
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wards, its image formed by successive refractions through D and C is 
7-26 cms. from C towards the objective. The distance apart of B., C 
approximately fulfils the relation BC=i (BL + this 7*26) = 5-6 (instead 
of 5-8). I have found similar results in other cases, but I do not 
believe the lenses are adjusted by any such rule but by trial and 
error ; nor do I know if the rule has any foundation in theory*. 

It vn\l be at once seen on trying the experiment that the 
relative positions of the lenses, and especially the position of the 
stop L (/.<?. the position of the eye), are very important, and that 
with a given set of four lenses a good image can be obtained 
only in one way. 

Experiment . — Set up four lenses of which the focal lengths are 
about in the ratio 4 : 6 : 7 ; 5, in that order ; place a stop about 

diameter between the last two ; place the eye in front of the 
first lens, and conjugate to that stop : and examine some fine 
print on a white card placed beyond the last lens. Try and 
adjust them to obtain an achromatic image free from distortion. 

Instead of the white card, this combination may be used with 
the objective and perforated zinc of the last experiment. In any 
case it will be found desirable to mount the lenses in short tubes, 
and adjust them in a V as there described. The enormous effect 
of the position of the stop is very striking. It is of course due 
to the fact that there is a large amount of spherical aberration 
present in the case of each of the lenses, and the stop determines 
what zone of the lens shall be used in each case ; thus, by suitably 
arranging the stop and the several lenses, the zone of each lens 
which is made use of to foam a given part of the image is 
detearmined, and the abexrations can be made to nputiis^se one 
another to a very lar^ ^dsent. 




CHAPTER X 

THE DIFFRACTION GRATING 

Determination of the Wave-Length with a Wire-Gauze 
Screen. 

177. On looking at a distant flame through a piece of wire gauze 
or any similar structure, e.g. a stretched handkerchief, two series of 
flames will be observed at right angles to one another, having the 
actual flame at the centre. The bordering flames are coloured, 
and get fainter as they become more distant. The finer the gauze 
the more widely will these flames be separated. If the angular 
separation and the number of wires to the centimetre on the gauze 
be determined, the wave-length of the light can be found. 
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Fig. 209, 


Let O be the light and A3 the gauze, and suppose O sufficiently 
distant from the light for the light to be considered to be approxi- 
mately parallel. Then, after passing the gauze, the light, in addition 
to proceeding in a straight line as OMP, will also appear to come 
from O'. For draw MRj perpendicular to O'Mj, then the light will 
appear to come from O' if the vibi'ation at the next aperture in 
the gauge, is in the same phase as that of Rj . This will be the case 
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if iMiRi is a wave-length. It is obvious if O is sufficiently distant for 
the light at the gauze to be considered parallel, that if a perpendicular 
rvIoRo be drawn from the next aperture OhMi' the distance ^2^2 
be two wave-lengths, and so on. Thus the light through each aperture 
would be in the same phase as if it had come from O'. There will be 
a similar point Oo on the other side of O. Beyond these on each side 
will be seen still further images. As O' is bright if ^I|Ri is a wave- 
length, if the angle be we have 


sin 0 -- 


'mm 


where c is the distance in centimetres from one wire to the next, or is 
the reciprocal of the number of wires to the centimetre. 

oo' ■ ' ■ - , 


But 


therefore 


sin ^ also = 

A_ 

6 ' 


OM/ ’ 

OO' 

O'M* 


178. Apparatus . — A piece of fine wire gauze which should have 
from 150 to 200 wires to theinch.^ It can be soldered on a sheet 
of brass or zinc about four inches 
square, covering a hole two inches 
in diameter in the middle of the 
sheet. It is important that the 
wires should be straight ; thus a 
new piece of gauze should be 
secured, and care taken that it is 
not damaged or strained in any 
way. 

To determine the angular separ- 
ation : paste some tinfoil on a piece 
of glass about 2!’ square. Before 
the paste is quite dry, with a sharp 
knife and straight edge cut a letter 
A on this foil. The width of the A 
at the cross-bar should be about i cm. 



Fig, 210. 


flame and a reading, microscope will also be required. 


A telescope and sodium 


Expenmeut—Stt, up the A with the cross-bar horizontal, close 
to the sodium flame. At a distance of eight or ten feet place the 
telescope, and focus it upon the A. Now introduce the wire 

1 Such gauze can be obtained from Me5srs, Bryan Corcoran of Lime Street. 
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gauze held in a Bunsen clip between the telescope and the A. 
On looking through the telescope the A will be seen bordered 
with diffraction lines. The gauze must be adjusted so that one 
set of its wires is vertical. The cross-bar of the A will now be 
most distinct, being bordered by a bright line top and bottom 
due to the horizontal wires of the gauze only. If the one set 

of wires be not quite verti- 
cal, the cross-bar of the A 
will have diffraction fringes, 
formed by both sets of the 
wires. 

The sides of the A will 
have diffraction fringes formed 
by both the horizontal and 
vertical wires. If the side 
lines are nearly vertical, the 
diffraction lines formed by 
the vertical wires will be much 
further separated, and no 
confusion need arise. If the 
gauze be now approached 
close to the A, these fringes 
will close in upon their respec- 
tive lines ; if it be withdrawn 
and brought close to the tele- 
scope they will open out. At 
a certain distance from the A, 
the fringes of the sides of the 
Fig. 2ri.-Appearance of the A through Wire A formed by the Vertical wires 

will cross one another on the 
cross-bar of the A. Fix the gauze at this distance. In the 
figure 211 the wire gauze is not far enough from the A, as the 
crossing point O is above the cross-bar BC. 

Then 00 ' of the formula is the distance from the centre of 
the cross-bar to either end, /.e. half the length of the cross- 
wire ; and the distance from A to the gauze is the distance 
O'M. Measure this distance d. With a reading microscope 
find the distance apart of the wires. To do this, set the cross- 
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wire on a vertical tvire of the gauze, and moving it in one 
direction only read 4 wires, then miss 6, and read 4 more. 
Enter them thus : 


First Four Readings. 

Second Four Readings. ' DiiFerence. 

I. 

1 

2. 

; 

3* 


4 . 



The last column should be constant and be the width of ten 
wires; c is therefore its mean value divided by 10. With the 
reading microscope also measure the width of the cross-bar of the 
K — w (say) = 2 . OO', 


then 




or 




w 

'Td' 


Considering the simple nature of the apparatus, this experiment 
gives remarkaWy good results. 


The DijOEraction Grating. 

When truly parallel light, a perfectly ruled series of lines, and 
an accurate method of determining the deviation is substituted 
for the above rough apparatus, we obtain an exceedingly accurate 
method for determining the wave-length of light 

179. Theory , — Let L be a lens and F its principal focus, then if PQ 
is a plane perpendicular to the axis of the lens the time taken by every 
point on a plane wave-front at PQ to reach F will be the same. If a 
diffraction grating DD' be j^ed parallel to PQ and a parallel beam 
of light fall perpendicularly upon DD", the wave-front of the light is 
parallel to DD'. Let AB be such a wave-front, then the light at every 
point of AB is at any moment at the same phase of its vibration. It 
win reach every aperture in t)D' at the same moment, and if PQ be 
parallel to DD', it will reach PQ everywhere in the same phase, and 
therefore finally arrive at F together, and F will be a bright point. 

If now the lens be turned through an angle 6 as in figure 213 and 
the principal focus be now at F', the time from every point in the plane 
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P'Q to F' will be constant. The times from the apertures in the 
grating to F' will no longer be the same. But if 6 be such an angle 



Fig. 212. 


that the distance from Mj to is one wave-length greater than 

the distance from M to P'Q', the light, which was in the same phase 

at M as at Mj, will be 



Fig. 213. 


in the same phase when 
it reaches P'Q', there- 
fore also when it finally 
arrives at F'. It is 
obvious from similar tri- 
angles that if MiNi is 
one wave-length, M2N2, 
M3N3, M4N4, etc., will 
be 3, 3, and 4 wave- 
lengths respectively, and 
the light from all these 
apertures will arrive at 
F' in the same phase ; 
thus F' will be a bright 
point. 


From the figure,' sin ^ ^ is the width of the ruling. 
In the same way F' will be bright when MiNj is 2, 3, 4 ^ wave- 


lengths ; thus the position of the bright point Fn is given by 

. ^ nX. 
smdn-~ 


or 


k==c. 


si n 9 n 
n 


Definition.SNhtn the difference of path from two successive aper- 
tures is the spectrum produced is said* to be of the order. 
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180. MlnlTTiTiTT) Beviation. — If the normal to the grating makes an 

angle with the axis of the collimator, and with that of the 

telescope (see Fig. 215), it is obvious that A is given by 

>^^_ ^(sin^«-fsin <j!>) 

Ifi 

If the deviation is a minimum, a slight rotation of the grating will 
not alter it, z.e. + is a constant for an infinitely small rotation, 
we have, differentiating the above equation and using 
cos 8 ^n + cos ^ 8<5^> = o, 
cos cos ip or 9 n=<f>‘ 

Or at minimum deviation, the grating is equally inclined to the 
collimator and the telescope, and if 8 be the deviation 

1 81. Apparatus , — The diffraction grating may be either a reflect: 
ing grating ruled on speculum metal, or a celluloid cast of such a 
grating. These latter made by Thorpe of Manchester are hardly 
inferior to the original, and are very much less costly ; they are 
transparent. The film must be treated with great care and must 
on no account be touched. If necessary it may be dusted with 
a camel hair pencil. It must be protected from fumes of alcohol 
or other solvent of celluloid. The 
spectrometer and a sodium flame will 
also be required. 

The diffraction grating must be 
mounted on an independent table to 
allow of the proper adjustment of its 
surface. It should be held up by a 
clamp as shown in the figure. The 
table must be on three levelling screws. 

The position of these screws is 
important. Let A, B, C be the three 
screws \ the line joining two of them, 

AB for instance, must be perpendicular 
to the surface of the grating. The clamp also should be 
perpendicular to this line as shown in the figure. 

If the grating is mounted in this way, it can be seen that the 
screw C “will rotate the grating in its own plane only. It is used 
for setting the ruling of the grating vertical, and as this is the last 
adjustment, it is obvious that we must be able to effect it without 
interfering with the previous adjustment of the plane of the 
grating. Only two of the screws need have milled heads, — B, 
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for instance, may be merely a point. This table should fit on 
to the table of the spectrometer with the “ hole, slot plane. 
In this case B might be placed in the hole and A in the slot. 
The point of the screw A should be concentric with the screw 
itself. 

Adjustfmnt — The spectrometer must be very carefully 
adjusted for parallel light (preferably by the method of Shuster 
already described in dealing with the refractive index of a prism, 
page 122). 

The adjustments of the grating are four. 

(i.) Its plane must be vertical. 

(ii.) It must either be perpendicular to the axis of the collimator 
or be set for minimum deviation. 

(iii.) Its rulings must be vertical. 

(iv.) Also the slit of the collimator must be vertical. (By 
vertical is here meant, perpendicular to the plane of the divided 
circle of the instrument.) 

182. Hrst Methiod. — Grating normal to the axis of the collimator. 

i. and ii. The first and second adjustments are effected together. 
Point the telescope at the collimator, lift the grating away, and 
focus the slit on the cross-wire, read the position of the telescope 
circle. Limit the vertical length of the slit, and notice the height 
of the image of the slit in the field of the eye-piece, — for instance, 
notice where the slit appears to be cut by the cross-wire. Now 
turn the telescope through an angle of 90" by the divided circle, 
clamp it, and replace the grating on the table of the instrument ; 
turn the grating until the reflected image of the .slit is formed on 
the cross-wire. If the plane of the grating is not vertical or very 
nearly so, this image will be tilted up or down by the reflection, 
and may not even be included within the field of the eye-piece 
of the telescope. The reflection must be formed by the surface 
upon which the grating is ruled. [The back surface of the glass 
will also form a second equally bright image which will not 
coincide with the first unless the front and back surface’ of the 
glass are parallel. These two images may be distinguished by 
cutting a vertical slit about wide, in a black card and placing 
this against the front surface of the grating. The card will cut off 
the light reflected from the back surface entirely, whilst it will 
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still allow enough light from the front surface to form a very faint 
image.] This image must be brought exactly upon the cross- 
wire. The screw A must be adjusted until the image is exactly 
the same height in the field as it was when the telescope was 
directly pointed at the collimator. When this is the case, the 
plane of the grating will be vertical and will make an angle of 45'* 
vnth the collimator. Now turn the grating through an angle of 
45“, using the divided circle attached to the table of the instru- 
ment, and it will be perpendicular to the collimator. 

iii. Turn the telescope once more into line with the collimator, 
then by moving it either to the right or left, find the first^diffracted 
spectrum on that side. This, with yellow light, will be a pair of 
lines very close together. With one of Thorpe’s gratings of about 
14,000 lines to the inch, they appear with the usual magnification 
about as far apart as two lines ruled yV" ^.part would be when held 
at a distance of about a foot. The screw C must be adjusted 
until the spectrum is at the same height in the field of the eye- 
piece as the slit appeared. The rulings will then be vertical. 

Readings . — If the deviation produced by the grating with a 
grating of only 3000 lines to the inch, such as those ruled by 
Nobert, is required, there is no difficulty in using the first four or 
five diffraction lines on each side of the centre, the deviation 
being comparatively small. Take three or four independent 


readings of the central image, and use 1 
the readings in columns as follows : 

their mean value. 

Enter 

Order of Spectrum 
=«. 

Reading. 
Left. Right. 

Derviation. 
Left. Right. 

Mean 

j Deviation. 

sin S. 

sin S 

1 « 

0 . 

1. 

2. 

3 - 

4 - • 

! 






The last column should be constant 


then 




sin 6 
n ’ 


where c is the wi^th of the ruling. 


Take its mean value, 
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The width of the ruling of these gratings which have 3001 lines 
to the Paris inch, which is 2*707 cms. is *0009023 cms. 

With the Thorpe grating the deviation is so much greater that 
it is only possible to obtain the first two spectra on each side. 
The first one can usually be seen fairly easily. The second is 
sometimes so faint that it can be found only with difficulty. If 
this is the case, its position should be roughly calculated, using 
the deviation obtained for the first one, and the telescope placed 
in the right position by means of the divided circle. The spectrum 
should now be in the field, and the cross-wire can be set upon the 
lines. As the number of lines to the cm. with a Thorpe grating 
is not necessarily the same as that of the original, owing to a 
possible contraction or expansion of the film, it is best to assume 
the value of the wave-length of each of the two sodium lines, and 
to determine the number of lines to the centimetre, or the width 
of the ruling. The accuracy of the experiment will be shown 
from the agreement or otherwise of the results. Take at least 
two readings of each line. Enter the results thus : 



Central 

Line. 

First Or 

. 

Left. Right 

der. 

Da 

L. R. 

Second 

I>i 

L. R. 

Order. 

Da 

L. R. 

1. Readings 

2. Mean Devia- 

tions 

3. Nat. Sines of 

Deviations 

sin 

4 * 

ft 







In the first line is to be entered the actual readings. The 
deviation is found by subtracting the mean reading of the centre 
from each of the others. The deviation of the corresponding 
lines to right and left of the centre should be the same, their 
mean is to be entered on the next line. The natural sine of this 
is to be found from the table-book and entered on the third line. 
In the last line this sine is divided by the order of the spectrum, 
so that the numbers under the columns should now be the 
same as should those under the columns D^. Divide the mean 
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of the for by the wave-length of that line, that is 

n 

•000058962, and the mean of the numbers under by the wave- 
length of that line, -000058902. The results should be the same, 
and will be the number of lines to the centimetre. 

183. Second Method. Minimnin Deviation Method. — ^This method 
differs only in that the grating, instead of being adjusted with its 
plane normal to the axis of the collimator, is rotated until the devi- 
ation is a minimum. It has to be set again for minimum deviation 
for each order of the spectrum, and for the readings on the opposite 
side of the central image, also for each colour ; but this setting is 
easily and rapidly accomplished, and the readings can be taken 
with great accuracy. As already shown (p. 249) k is given by 



where is the deviation and the order of the spectrum. All 
the other adjustments and the method of talcing and working out 
the readings are similar to those of the first method, except that 
in making the preliminary adjustments it is not necessary to turn 
the telescope exactly through 90" or the grating through 45®, and 
therefore it is not necessary to take any scale readings in making 
these adjustments. 

The wave-lengths of the hydrogen lines with the diffraction 
grating. 

1 84. Apparatus , — In addition to the spectrometer and grating, 
a Rhumkorff induction coil and a hydrogen tube will be required. 

Experiment , — Having adjusted the grating with the sodium 
flame as already described, and found the number of lines to the 
centimetre, the sodium flame must be replaced by the hydrogen 
tube. This must be set with the narrow part of the tube opposite 
and close to the slit. Point the telescope directly towards the 
collimator in order to make sure that this is the case. Then, on 
turning; the telescope round, three bright lines will be visible in 
the first spectrum on either side, — a red, a blue and a violet one. 
The readings can be entered as above directed. It will be 
sufficient to take one reading of each line. Use the width of the 
grating already determined. 
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TLe Eeflecting Crating. 

185. Apparatus ,— original gratings ruled by Professor Row- 
land were mostly ruled upon speculum metal with a diamond point. 
Such a grating can be mounted upon a stand similar to the one 
described on page 249 for the transmission grating, with its plane 
perpendicular to the line joining AB for the same reason as 
before. 

Let DD' be the grating and AB the wave-front of the incident light, 
P'Q' the wave-front of the diffracted light. Draw AL'^ on the other 
side of DD', making the same angle with DD' as AL 2 does. Then 
it is obvious that the distance from any point L on AB to P'Q' 
will be the same as from a corresponding point U. If LM and 
LjMi be reflected from two successive lines of the grating, there 



will be brightness at F' if the distance from h\ is greater than the 
distance from V by a whole wave-length. It is obvious from the 
figure that this distance is 

(sin 0'^sin <^). 

It will therefore be necessary to know the angles the grating 
makes with both the telescope and the collimator. It will be 
most convenient to make the latter 45®, which may be done in 
the way already described for the transparent grating. The 
adjustments are all similar to those d^cribed. The results may 
also be entered in the same way. 
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The Concave Crating. 

1 36. By ruling a grating on the surface on a concave speculum 
mirror, it is possible to obtain a diffraction spectrum without the 
aid of any lenses ; thus the light w^ill proceed from the slit to the 
spectrum without having to pass through any absorbing medium. 
This is of great importance in researches upon the infra-red or 
ultra-violet portions of the spectrum, to both of w’hich glass is 
strongly absorbent. 

It is shown in books on Physical Optics (Edser, p. 460), that if a 
circle be drawn on the radius of curvature of the mirror as diameter, 
and the slit is adjusted on this circle, the spectrum will also be in 
focus upon the same circle. To realise this in practice the grating is 
usually mounted at one end of a beam, with its axis parallel to the 
beam. The eye-piece (or photographic plate) is mounted at the 
opposite end of the same beam, exactly at the centre of curvature 
of the mirror. The radius of curvature of the mirror (and therefore 
the length of the beam) is generally tw^enty to twenty-five feet The 
ends of this beam are mounted to slide on two other fixed beams 
at right angles to one another, so that it always forms the hypotenuse 
of a right-angled triangle. Above the junction of the two fixed beams 
is mounted the slit, which is therefore at the right angle of the 
triangle, and so always lies on the circumference of a circle of which 
the movable beam is a diameter. These gratings require a large 
room to themselves, and are to be found in only a few laboratories. 
For directions for mounting and using these gratings see Phil, Mag. 
(5), vol. 27, 569 (1889), also Proc. Roy. Soc. Dublin (i), vol. 8; 711 
(1898). 

Thorp has made gratings which have a radius of curvature 
of only two or three feet, which can be u^ in an ordinary dark 
room, and which are comparatively cheap. The gratings are 
celluloid casts of a flat grating mounted on the convex surface 
of a concavo-convex lens. This glass c£ course absorbs the light 
as an ordinary lens would, and they will not be much if any 
better than an ordinary grating for ultra-violet light, 

187. Apparatus . — The Thorp grating of about two feet radius 
of curvature. Measure the radius of curvature R of the gm^g. 
Fix two brass plates, about 6 inch^ square and thi<±, at 
this distance R apaii:, by half-inch brass tubes throng the 
tour comers. The gratirig is to be mounted <hi one of these, 
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ABCD, and the photographic plate or eye-piece on the other, 
EFGH (Fig. 217). Each plate is to be mounted on pivots 
P, Q ; R, S, in the centre of its top and bottom edges, so as to 
be able to rotate about a vertical axis through the middle of its 
face in the frames described below. Fix two lengths of 1 ^" 



Fio. 216.— V’s for Concave Grating. 


angle brass, at right angles to one another. They should each be 
about 9" longer than R. They can be brazed together at the 
comer and strengthened by a third side of brass tube. Let them 
have their hollow side uppermost forming a V. In these V’s are 



to slide the frames in which the plates are pivoted. Each of these 
consists simply of a casting BC in the form of a solid bar 
about 9 inches long, of which the section is a right-angled triangle, 
with an arm A rising from one end to a height of a little more 
than six inches and then projecting some four inches and ending 
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over the centre of the bar (Fig. 218). The pivots of the plates 
canying the grating and eye-pieces work in holes in the end of 
this arm, D, and in the bar underneath, F, the two holes being in 
the same vertical line. 

The slit can either be mounted on another similar triangular 
bar, and be merely stood in the V, or can be permanently attached 



to the V at the right angle. The slit should in either case be 
mounted on a larger sheet of brass, so as to screen the grating 
from all light except that coming through the slit; and there 
should be a support at the top for a rod or tube, so that a black 
cloth may be placed over it to exclude all extraneous light. A 
great deal of the space between the grating and the eye-piece can 
be permanently closed in with sheet zinc or cloth. 

Note that the white image of the slit is formed in the air to the 
left of the apparatus as this is drawn in Fig. 219. The spectrum 
observed is between the slit and its image. The violet end is: to 
the left \ yet to pass from the red to the violet the frame canying 
the eye-piece has to be moved to the right. The spectrum* travels 
twice as fast as the eye-piece. This movement may be produced 
by a milled head, as in Fig. 217, or better, by a screw which 
moves die arm (Kg. 218) and the fmme with it. 



CHAPTER XI 


INTERFERENCE AND DIFFRACTION 

Interference. 

1 88. The simplest method of producing interference was 
described by Lord Rayleigh in 1893. Silver two plates of glass ; 
rule a fine line on one, using a knife and straight edge, and two 
parallel lines on the other as close together as possible. Hold the 
double slit so formed close to the eye, and the other a short 
distance away and parallel to it. The fringes will be formed on 
the retina. The two glasses may of course be mounted in a tube. 

Instead of silvering a mirror, the red varnish on the back of an 
ordinary silvered mirror may be removed with alcohol or benzene, 
leaving the silver bare ; the lines may then be made as above, or 
they may be cut in tin-foil pasted on glass ; the cut is best made 
before the paste is quite dry. 

189. It is also not veiy difficult to arrange a simple experiment to 
show the interference of light with a bi-prism, the only piece of appa- 
ratus required that cannot be easily constructed being* the bi-prism, 
and this can be obtained for a small sum. 



Fig. 220.— Simple Apparatus to observe Interference. A black cloth is to be 
tacked over it. 


Apparatus. — The bi-prism : slit : an eye-piece : supports for 
same. Cut a board about i foot long and 4 inches broad. 
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Fasten to this board three upright blocks, each about 4 inches 
square with a hole about i inch in diameter ‘ through the 
centre of each; the hole should just fit the eye-piece. Fix one 
of the blocks at each end of the board and one in the centre, 
with a single screw each, so that they may 
be rotated if desired, and also so that they 
may easily be placed at other distances from 
one another. Glue a piece of velvet or smooth- 
faced cloth to the face of the central block. For 
the slit two pieces of printers’ “rule” will do 
excellently, each about 2 inches long. Fasten 
one against the outside of the end block so that 
its edge is along the vertical diameter of the 
hole. Clip the other against the block under 
a spring of stout brass wire, it may then be 
adjusted to any desired distance from the fixed 
one, and the width of the slit varied. Clip the 
bi-prism in the same way against the central 
block under wire springs. A piece of black cloth should be cut 
to just cover in the space between the blocks, and tacked to the 
upper surface of each block, so that the hand may be inserted at 
either side to adjust the bi-prism. 

Set the apparatus up opposite a good sodium flame, look 
through the centre of the hole in which the eye-piece is to be 
inserted and move the bi-prism sideways, until its ridge is m. a 
line with the slit, when two images of the slit will be seen : one 
in each half of the bi-prism. On moving the head slightly to the 
right or left, one of the images will reach the ridge of the bi-prism 
and will be cut off. If the ridge of the bi-prism is exactly 
parallel to the slit (if, for instance, they are both exactly vertical), 
this image will be cut off along its whole length at the same 
instant ; but, if they are not parallel, it will be cut off gradually, 
beginning, say, at the top. The bi-prism must be turned round 
until it is exactly parallel to the slit. Now insert the eye-piece, 
and the fringes should be seen. . Very carefulfy rotate the bi-prism 
to and fro, and see if they can be imporoved ; also see if by adjusting 
the width of the slit they can be improved. It will be found that 
if the slit is too wide they di^pe^, whilst, of course, if it is too 
narrow there will not be efficient ^ht to see them. Tl^ 
ment should, if possible,, be performed in a dark roonl- i^^ie 



Fig. 221.— Slit. 
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sodium flame must be very bright to give good effects. Instead 
of the sodium flame, it may be pointed at an incandescent gas 
light, when the fringes due to white light will be seen. As the 
incandescent light is much brighter than the sodium flame, these 
are much more easily seen than the ones due to the sodium. 
They are, however, less numerous, only four or five being visible 

with white light, whereas forty or 
fifty can be seen \^^th the sodium 
flame. 

The most important thing in this 
experiment is to adjust the bi-prism 
parallel to the slit. Unless this is 
done nothing but diffraction fringes 
will be visible. 

To make the final adjustment 
of the bi-prism easily, some more 
sensitive means of rotating it is 
wanted. If a piece of wood, some- 
what smaller than the block, be 
fastened to its face by a single screw, S, as in Fig. 222, and the 
bi-prism attached to this, it can be rotated about this screw; 
and by attaching an ordinary levelling screw, L, to the side of 
the block, a very slow motion can be obtained, the wood being 
kept against the end of the levelling screw by an elastic band, 
E. The bi-prism can stand on a small ledge attached to this 
block, being held in position by wire springs, T^, Tg. If the 
hole in the block, that is to carry the slit, be made to fit the inner 
tube of the collimator, that slit can of course be used, though 
owing to the small height of the slit it will be at a sacrifice 
of light. 

Diffraction Experiments. 

190. Apparatus . — A similar piece of apparatus to that already 
described for the interference experimepts can be used for the 
diffraction experiments, but with the distance, from the block 
carrying the slit to the central block, increased to 18 inches. No 
adjusting screw will be needed on the central block. The 
bi-prism is to be replaced by pieces of thin wood r J inch square 
and ^ inch thick, each having a hole about inch in diaineter 
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through its centre. They should be blackened and fitted as 
follows : 

A. A piece of printers^ rule fastened vertically to the face with 
shellac varnish. 

B. Break off f inch of the points of four sewing needles of 
different sizes, and attach these, at intervals of inch, vertically 
to the face so that the four points are on a horizontal diameter. 

C. p, E. Three pieces of thin sheet zinc about i inch square 
with circular holes about inch, inch, y^ inch in diameter. 
The holes must be drilled perfectly clean, preferably by twist 
drills, all burrs being carefully removed. 

F. A flat spectacle glass is to be fastened against the face, and 
on the wood side are to be attached 4 or 5 clean and new bicycle 



Qt HA K JL 

Fig. 223- — Objects for Difiraction. 


balls of different diameters, from I* inch downwards. The selec- 
tion of these should be as spherical as possible; they can be 
attached with a single drop of very thick shellac varnish, or by 
red wax ; of course, the varnish must be entirely hidden by the 
balls. : 

G. A variable slit made as before with ope &sed piece of brass 
rule, and another clipped by a wire sprii^. 

ip I. Pieces of fine wire gauze of about 70 and 150 strands to 
the inch respectively. 

K. A piece of perforated zinc. 

L. Two pieces of thin knittmg needle fixed parallel to one 

another. * 

For the end block, in addition to the slit (which will be 
with numbers A, G, L onl^, a drcuiar aperture will be reqfiiled. 
This can be drilled in a piece of zipc about i inch square an 4 
should be about inch in dmmeter. It can be inserted 
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the wire spring, the slit being opened sufficiently to allow the 
light to pass. 

Pointing the apparatus at a strong light, sketch the appearance 
seen in the eye-piece with each piece of apparatus, A — K. If it 
can be pointed at the sun, the fringes will be far more brilliant. 

When using the slit with numbers A, G and L, care must be 
taken that the slit and the edges are accurately parallel to obtain 
the best effects. 


The Bi-prism with the Spectrometer, used instead of 
an Optical Bench. 

19 1. Apparatus , — An ordinary spectrometer with the table that 
usually carries the prism mounted on levelling screws ; a bi-prism 
having a more obtuse angle than usual ; ^ sodium flame. 

Remove the lenses from both collimator and telescope. Set 
up the bi-prism on the small levelling table, with its refracting 
edge coinciding with the axis of the instrument {Le, over the 
centre of the table), and with its plane perpendicular to the line 



Fig. 224. — spectrometer arranged to give interference Fringes with a Bi-prism. The 
collimator has been removed, and replaced by a short tube carr3Hing a wooden ring, 
W, W, on which a slit, S, of printers’ rule is mounted. The rule is mounted like a 
parallel ruler, so that its width may be adjusted. 


joining two of the screws. These two screws should be in the 
hole and slot respectively of the spectrometer table (p. 1 17). The 
third screw will then enable the bi-prism to be rotated slowly in 
its own plane, and thus allow the refracting edge to be set 
accurately parallel to the slit of the instrument. 

iThe lines given by an ordinary bi-prism, so far from the slit as this has to be, 
are too fine, and generally cannot be seen at all ; the ordinary bi-prism may be 
used, if the slit is brought near it, as in FJg. 224. 
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Remove the eye-piece from the telescope, point it directly 
opposite the collimator, and look through it, when two images 
of the slit should be visible, one in each half of the bi-prism. 
By moving the eye, one of these can be caused to reach the 
refracting edge, and if the slit is parallel to this edge, it will 
disappear from top ^to bottom at the same instant. If far out, 
rotate the collimator tube ; but, if nearly correct, adjust with the 
levelling screw of the prism table. Replace the eye-piece, cover 
up the centre of the instrument with a piece of black velvet, 
and the fringes should be visible. A slight adjustment of the 
levelling screw, and of the width of the slit, will make them 
perfectly distinct. The distance apart of the bands will be equal 
to the distance, from the axis of rotation to the cross-wire, 
multiplied by the circular measure of the angle, through which 
the telescope has to be moved to pass from one band to the next, 
and this can be easily determined. The distance apart of the 
image and the slit can be found by multiplying the distance, a, 
from the bi-prism to the slit, by the circular measure of the sum 
of the deviations produced by the halves of the bi-prism. 

Thus, we require to measure : 

(i) The distance, a, from the bi-prism to the slit. 

(ii) The distance, from the axis of the instrument (which 
must coincide with the edge of the bi-prism), to the cross-wire of 
the telescope. 

(iii) The angular distance, B, from line to line. 

(iv) The angular distance, A, subtended at the edge of the bi- 
prism by the images formed in the halves of the bi-prism. 

The first two of these measurements are straightforward, though 
it is necessary to caution the student to be exceedingly careful in 
measuring the distance to the cross-wire of the telescope not to 
destroy it, as it is formed of two very deli(^te fibres. 

To find the angular distance, B, a series of 10 oc 12 lines 
should be selected which are as dear as possible, and free from 
diffraction fringed which, it will be rememb^ed, are superposed 
upon the interference lines. Sd: the cross-wire on the extreme 
line of the set delected, and take the reading of the vernier. 
Move the telescope, using the tangent screw so,jtha 4 : the cross-wire 
is carried across the field, coimting the lines as th^ pa^. ’ Again 
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take the reading of the extreme line on the other side. The 
difference divided by the number of intervals will give the angular 
width of each. 

To obtain the angular distance, A, subtended by the images 
formed in the halves of the bi-prism, the lenses must be replaced 
in both collimator and telescope, and the instrument focussed for 
parallel light, by one of the methods in § 93. Then on pointing 
the telescope at the collimator with the bi-prism in position, two 
images of the distant slit will be observed. Set the cross-wire 
on each of these in succession and take the two readings. The 
difference will be the angle A required. 

It is proved in books on Physical Optics that if be the distance 
between the two images of the slit, x be the linear distance apart of 
the interference fringes, and d the distance from the slit to the plane 
in which the fringes are produced, the wave-length X is given by 



In our case the distance apart of the images of the slit becomes 

a. A . (since A will be given in degrees by the spectrometer scale), 
180 

X will be ^ ^ . -5-, whilst d equals + A 

loO 

Substituting we obtain : abAOir^ 

As the interference fringes are very faint, owing to the small 
vertical height of the collimator slit, their distance apart is very 
difficult to obtain; for, if the instrument is well covered in so 
as to see the fringes with the greatest distinctness, the cross-wire 
is generally invisible ; whilst, if sufficient scattered light be allowed 
to enter the telescope to illuminate the cross-wire, the fringes 
become invisible. By lifting and dropping the covering over the 
spectrometer table, the slit and the fringes can be seen alter- 
nately, and the cross-wire approximately adjusted upon a line. 
Of course, if the ordinary slit of the collimator *be replaced by a 
temporary one of a vertical height as great as the diameter of the 
tube will allow, this difficulty will not be so great. 

It is very important that the sodium flame should be as bright 
as possible. A good flame is produced by bending an iron wire 
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of about number 22 B.W.G. into a circle about an inch in 
diameter, and coating the wire with a little asbestos, which is then 
dipped into a strong solution of salt in water. If this is placed 
over the top of a Bunsen burner so that the flame passes through 
the centre of the ring, it will everywhere be in the hottest part 
of the flame, and will give a powerful light which will last for a 
long time. 


Lloyd’s Mirror wildi the Spectrometer. 

Apparatus. — Spectrometer ; prism ; sodium flame \ white light 
incandescent gas). 

192. Remove the lenses of collimator and telescope, and place 
a prism on the levelling table, with one face across a diameter and 



parallel to the line joining two of the screws. Turn the table 
until this face is nearly parallel to the axis of the collimator. 
Remove the eye-piece, and, looking through the tube, turn the 
table until an image of the slit illuminated by the sodium flame 
is seen in this face of the prism, almost coincident with the slit 
itself. With the third levelling screw, adjust the face of the 
prism until this image is parallel to the slit 

Replace the eye-piece, and the interference fringes should be 
visible. They can be finally adjusted with the levelling screw of 
the table. Observe the effect of a slight rotation of the prism. 
As this will alter the distance from the slit to its image as seen 
in the face of the prism, it will also alter the width of the inter- 
ference fringes. The reading of the width of the bands may, if 
desired, be taken and treated as before. The distance of the 
slit from its image is more difficult to determine, as it depends 
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upon the relative position of the face of the prism and the axis 
of the collimator. Thus, the insertion of the lenses will have to 
be made without disturbing either of these. This being done, the 
distance can be found and treated as before. As, however, these 
readings are very trying to the eyes, it is better to be content wdth 
the adjustment and observation of the fringes. 

193. Replace the sodium flame by white light, and insert a piece 
of mica or micro-cover glass perpendicular to the reflecting face 
of the prism, so that the direct light from the slit has to pass 
through the mica on its way to the eye-piece. This will shift 
the centre of the system of fringes and enable it to be seen. 
Note that in white light the central band is black. 

Diffraction with the Spectrometer. 

194. Apparatus . — As in the last Experiment; the objects of 
Experiment, § 190, and an extra ring, W, W (Fig. 225), fitted with 
a pin-hole. 

In the same way, the straight edge and narrow wire may be 
observed with the spectrometer, and their fringes sketched. Either 
of these difliraction experiments can be arranged as easily or even 
more conveniently than with the optical bench, as the instrument 
can be so easily covered in, a point of great importance. 

Replace the slit by a pin-hole, either by opening its jaws and 
fixing a piece of tin foil over them with a hole in it ; or, very 
much better, by withdrawing the tube carrying the slit, and 
replacing it by a tube with a pin-hole properly drilled in thin 
brass. Examine the circular aperture, opaque disc, and others 
of the set A to I on p. 261. All these diffraction experiments 
must be performed with the lenses of the telescope and of the 
collimator removed. 

Herschers Diffraction Experiments with the Telescope. 

195. Apparatus . — Spectrometer with a pin-hole in place of the 
slit of the collimator ; circular stops of varying size to pull over 
the objective of the telescope ; triangular apertures ; perforated zinc. 

A pin-hole mounted at the principal focus of the lens of the 
collimator is equivalent to a distant star and gives a beam of 
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light which is parallel, not only in a vertical plane, as is the case 
with the slit, but is parallel in all azimuths. When a star is 
observed by a telescope, if the objective is a good one and well 
corrected for spherical aberration, the image will consist of a 
central bright disc surrounded by diffraction rings. The size of 
this disc, and the relative intensity of the disc and rings, depend 
upon the ratio of the diameter of the glass to its focal length. 
When the aperture is small the disc will be large, and the bright- 
ness of the rings will also be Comparable with that of the disc. 
As the aperture of the lens is increased, the disc and rings shrink 
and a greater proportion of the light is concentrated into the disc 
itself. 

These effects can be easily observed by reducing the aperture 
of the telescope of the spectrometer with diaphragms containing 
circular holes of varying size. The collimator must be adjusted 
so that the pin-hole shall be at its principal focus and the tele- 
scope focussed upon it. If the lenses of both coUimator and 
telescope are good and the telescope is sharply focussed, even 
without any reduction of its aperture, a diffraction ring will be 
faintly visible, surrounding, the image of the pin-hole. Now 
reduce the aperture by a diaphragm with a !•" hole. The 
diffraction ring will be much more clearly visible and will be 
larger ; it should be quite circular. Use next an aperture in 
diameter, then yV' so on. The effect upon the disc and 
diffraction rings can thus be traced and the above statements 
verified. If other than circular apertures are used, the diffraction 
win vary accordingly ; for instance, place a diaphragm with an 
aperture the shape of an equilateral triangle about side over 
the lens of the telescope and a series of circle will appear in the 
form of a star with six arms. 

A regular series of apertures such as those in a piece of per- 
forated zinc will produce a strong diffraction effect. A series of 
irregular apertures punched at random will give circular diffraction 
patterns. These diaphragms can be made of metal or card, but 
the easiest material to make them frqm is tinfoil {Ls, sheet 
lead about No. 28 B.W.G.). 
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ADDITIONAL EXERCISES ON CHAPTER XI 

1 . Adjust thebi-prism as in Experiment, § 189, using an incandescent 
gas light (instead of adjusting them with a sodium flame, and after- 
wards substituting the white light). 

2 . Alter the position of the block carrying the bi-prism (Fig. 220), 
placing it about 4 inches from the one carrying the slit. Obtain the 
fringes, and see that they are much larger than before. 

3 . Remove the screw from the central block (Fig. 222), and insert 
the wire gauze object (Fig. 223). While looking through the eye-piece, 
gradually slide the block along the bench towards the slit. See that 
the finnges slowly close in. 

4 . In a dark room, look at a distant bright point of light (an arc, if 
possible, or an incandescent gas light behind a small circular aperture), 
and hold first a hair, and then a straight edge, in front of the eye. 
Observe and draw the diffraction fringes. 

5 . Obtain a piece of old plate-glass, which has been scratched by 
repeated cleaning, and hold it near the eye while looking at a distant 
bright point. Diffraction fringes will be formed along lines which seem 
ra<Eal to the distant bright light. Explain these. 

6. On withdrawing the eye, and fixing the attention upon the glass 
plate, bright lines will be seen which seem concentric with the distant 
point. Explain these. 

7 . Hold a small bunch of glass wool, or ordinary curly wool, near 
the eye, and observe it in the light of a distant arc, or the sun. A 
number of tiny circular coloured rings will be visible. Withdraw it a 
greater distance, and see that the wool forms numerous point images 
of the source of light, and that each of these point images when the 
wool is brought nearer, gives rise to a tiny circular system of rings, 
(These rings can frequently be seen on a sunny day in the loose nap 
of a woolly coat, or in the eyebrows.) 



CHAPTER XII 

FURTHER EXPERIMENTS ON INTERFERENCE 

Tlie Optical Bench and Accessories. 

196. The Bench.— -To obtain any measurement of the fringes which 
are produced by interference, a firm and easily adjustable optical 
bench is a necessity owing to the delicacy of the fringes. The 
bench is usually a kind of lathe bed furnished with sliding stands. 
These stands should be perfectly rigid, and for some experiments 
should be capable of being clamped. Four stands will be required. 
The first will carry the slit, the next the bi-prism or other similar 
apparatus, another the micrometer eye-piece. The fourth stand 
wiU be required temporarily to carry a lens which is used to form 
an image of the two slits. One or more of these stands usually 
has a rack motion to raise or lower the head, and a damp. If 
this is the case, care must be taken that the clamp is free before 
the rack is used, or the teeth will be tom off. 

One at least of the heads of the first two stands must have a 
means of rotation in its own plane by a tangent screw, or similar 
device, as it is impossible to perfect the adjustments without this 
screw ; indeed it generally forms the most important adjustment 
One stand must have a transverse motion to allow the head to be 
moved out of line with the other stands for some two inches, and 
should either move in a perfectly fitted dove-tail slide, or on a 
geometrical slide, and be able to be clamped in any position. If 
the movement is produced by a screw, it is an advantage in one 
or two experiments to have this c€ definite pitch, with a divided 
head. The eye-piece must be a positive one, with a fine single 
spider-line in its focal plane. To avoid back lash the r^din^ 
must always be takeh in one direction only. , 

The sKt must tmd inife edges» eitber of steel or quartz, 
which can be ad|us^ed to any'mdth. If they axe of steel a grea^ 
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rag should be kept to mb them over after use, especially when 

working with a sodium flame. ^ ^ 

197. Tiie ligM is of very great importance in interference work. 
A good bunsen is essential, with a large supply of air. If the salt is 
supplied on wire gauze it should be on very fine gauze, preferably 
of platinum, and it must only be allowed to touch the edge of the 
flame. The light depends upon the vaporisation of the salt, and 
therefore upon the temperature of the flame. If the gauze is 
allowed to penetrate far into the flame it will lower the^ tempera- 
ture and prevent a proper vaporisation of the 
salt, and the light will be very poor. ^ The 
gauze should touch the flame edge-wise as 
seen from the bench, that is the edge of the 
gauze should be parallel to the length of 
the bench ; it should touch the flame about 

above the top of the burner. A good 
light can be obtained by making a ring of 
wire, about half an inch in diameter, coated 
with asbestos fibre. This is then dipped 
in powdered rock §alt, or in a strong salt 
solution, and supported so as to encircle 
Fig. 226.— Sodium Light the flame from a bunsen burner (or the 
burner of an incandescent gas light) about 
a (Quarter of an inch above the burner. The flame must be 
protected from draught by a metal chimney, cut away where 
necessary to allow the flame to be seen and the gauze to be 
inserted. 

Powdered salt is much better than common salt, as it does 
not splutter on to the bench so much. A sheet of glass between 
the flame and the slit, whilst in no way spoiling the light, is a 
great protection to the slit and brass work, which the salt will 
very readily attack. 

When the adjustments are completed and before taking the 
readings, it is always advisable to replenish the salt, and to see 
that the light is as good as possible. 

198. The Lens above referred to for producing an image of the 
slits in the focal plane of the eye-piece should be a good one. 
A single lens is frequently supplied with the bench, this is quite 
useless for the purpose. A good photographic lens should be 
obtained. It should have a focal length of about 5 inches (a 
“quarter-plate” lens). It ought to give a good definition with 
full aperture. It should be so mounted that it projects somewhat 
beyond the base of the stand and can be rotated easily to face 
either way. 
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.. 199. Tile Bi-prifim. This is a piece of worked glass, flat on one 
face, and rising to a slight ridge along the centre of the other 
face. The angle at the ridge is about one degree. 

200. Lloyd’s Mirror. A piece of plane unmounted black glass is 
sufficient for this. It can be attached to the head of the stand 
with the transverse motion by three 
little pellets of wax or plasticene. It is, 
however, better if mounted on a separate 
head of its own, which need have no 
adjustment To avoid distortion the 
mirror should be held loosely by three 
clips (Fig. 227), against which it is pressed 
by two springs (shown by the dotted lines) 
in the form of arcs of circles. One of 
these springs must press at its fniddle 
against the back of the mirror, its ends 
resting against the supporting plates. The - 
other spring must press the mirror with 
its ends just behind the clips, and its 
middle must press against the brass plate. 

The clamp by which this is to be attached to the stands 
of the bench may most conveniently be in front as shown 

in the figure, so that 
the plane of the mirrors 
is in line with the axis 
of the stand. 

201. Fresnel’s Mirrors. 
These are two pieces 
of black glass about two 
inches square, they are 
usually mounted on a 
separate head. The 
mirrors are carried in 
small brass frames 
which can be adjusted 
by screws firom the 
back of each mirror. 

Fig- 228.-~Fresners Mirrors. One of these frames is 

mounted to rotate on 
the points of two screws, the axis of rotation being in the plane 
of the front surface of the mirror, and coincident wdth the edge 
of the mirror. The other frame is mounted to press against three 
screws against which it is pressed by a spring (at the centre of the 
triangle formed by these screws) ; the screws enable the plane of 
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this mirror to bd adjusted to coincide exactly with^ the j^ane 
of the first mirror. Then by rotation of the first mipor^ about 
the axis above described, the mirrors can be set at any incliriation 

to each other, and the axis of 
rotation will be the line of inter- 
section of their planes. 

202. THe Bi-plate is made from a 
piece of parallel glass about two 
inches by one^ which is cut in halves, and after the edges have 
been bevelled the two halves are cemented together again^ so as 
to form a slight angle with one another. It is placed in the 
ordinary head. 

Detennination of the Wave-length of Sodium 
Light with the Bi-prism. 

A.ppciT<itus. — The optical ‘ bench ^ the bi-prism^ sodium fiame^ 
a white light \ a good photographic lens of about 5 inches focal 
length ; millimetre scale. 

203. Pr^liiiiinaiy Adjufitmeiit. Set up the sodium flame with the 
slit, the bi-prism, and the eye-piece in a line ; the stand carrying the 
slit being at one end of the bench, the bi-prism about (>' or 8" 
from it, and the eye-piece about another 6" or 8" away. Withdraw 
the eye-piece from its tube, look through the tube and see that 
the flame is properly lighting the slit. With the transverse motion 
of the stand carrying the bi-prism, adjust the bi-prism until its 
ridge is in line with the slit, so that by a slight movement of the 
eye the slit may be seen in either half of the bi-prism. Set the 
slit as nearly vertical and the plane of the bi-prism as nearly 
perpendicular to the axis of the instrument as possible. Tl^en on 
looking through the tube of the eye-piece, if the head is slowly 
moved sideways, one of the images of the slit will reach the ridge 
of the bi-prism. If this ridge is parallel to the slit, the whole 
length of the slit will reach it at the same instant, and moving the 
eye a little further it will disappear at the same instant If the 
ridge is not quite parallel to the slit, this disappearance will occur 
first, either at the top or bottom of the slit ; adjust the tangent 
screw until this no longer happens. This can be done most 
accurately, finally, by placing. the eye so that the slit has almost 
^sappeared from one half of the bi-prism, and by then noticing 



Fig. 229. — Bi-plate. 
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whether the light is equally intense along its length. On moving 
the eye the other way, a similar disappearance of the slit seen in 
the other half of the bi-prism should occur. With the eye in the 
centre of the eye-piece tube, two sHts will now be seen, equi- 
distant from and parallel to the ridge of the bi-prism. The slit 
should be almost closed. Now replace the eye-piece in its tube 
and look through. If the preliminary adjustments have been 
carefully performed, both the interference and diffraction fringes 
will be visible. 

To see these fringes properly, either the experiment should be 
conducted in a dark room, or the apparatus must be covered in 
so that no light may reach the eye-piece but that coming from 
the slit. If the experiments are not performed in a dark toom, 
much time will be saved if a sheet of black card about a foot 
square, with a hole two inches in diameter in the centre, is 
attached to the head of the stand carr3ang the slit, and a second 
similar card to the eye-piece, by thin wire. Two thin wooden 
rods ^ can be laid across from one of these to the other at their 
upper comers, and a piece of black velveteen spread over them, 
reaching down to the table, or the velveteen may be held in place 
and prevented from sagging by securing it to the cards or stands 
with ordinary gentleman’s tie-clips. This will allow the hand to 
be inserted to adjust the tangent screws without admitting any 
appreciable amount of light. It is obvious that a very much 
better result can be obtained in a dark room, as the pupil the 
eye will then be larger, and therefore the ^nt li^t forming the 
interference fringes will be more readily perceived. 

204. Fisai — If the fringes are not sem at up<»i in- 

serting the eye-piece, the pa-eEminary adjustment muk be repeated ; 
when once found the fringes can be made distinct widr the eye- 
piece in. Having covered the apparatus in, look thrm^ the 
eye-piece and very slowly turn the tangaat-screw one way or the 
other, watching the eQect upon fringes. They wiS usually be 
found to-be greatfy improved hf a motkm of the setew. 

1 In place of wqpdea rods, a pair pf pkisBIel brass t\ih& about i cm. diaipetef 
aad say 50 citiS. fiked at ro cuis. a l»ass crowbar, 

aiwi telescopmg into a pair of ot greater diaaneter oab be 

Bsfed. In this way tbe length can be from 50 to 90 ems,^ oyei: 

a long range It can alwa^ be exac^” lo reaefe frojn the e^?^pi6oe to ^ 
r* T <5 
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The slit will probably have to be still further narrowed. It is 
easy to determine the best width for the slit ; when it is too wide 
there is a blaze of light, but the fringes are very hazy ; when too 
narrow, the fringes will be sharp, but it will not be possible to see 
the cross-wire and adjust it upon them. The eye-piece should be 
pushed in or out until the cross-wire is in focus. The cross-wire 
must be rotated until it is parallel to the fringes. Usually some 
dozen or twenty fringes in the centre of the field can be sharply 
distinguished. These will be continued on either side by other 
fringes superposed upon the diffraction fringes, which makes it 
difficult to observe them. If the fringes are too fine they may 
be made larger, either by bringing the bi-prism nearer to the slit, 
or by withdrawing the eye-piece to a greater distance from the 
bi-prism. Both of these involve certain disadvantages. With- 
drawing the eye-piece will dimmish the amount of light, but if 
the light is powerful enough this is the better way. Placing the 
bi-prism nearer the slit increases the size of the fringes, by making 
the apparent distance between the two images of the slit smaller. 
As this distance will have to be measured, any decrease in it will 
mean an increased percentage error in its determination. The 
larger it can be kept the better, 

205. E^time of aT>ove Adjnstanents. — i. Remove the eye-piece, look 
through its tube and see that the bi-prism, slit, and flame are in 
line, so that two images of the slit can be seen, one in each half 
of the bi-prism, both well illuminated. 

ii. Set the bi-prism and slit vertical, and adjust them parallel to 
one another, by seeing that the image of the slit seen in a half of 
the bi-prism vanishes at the same instant throughout its length as 
the eye is moved transversely. 

iii. Insert the eye-piece, cover up the apparatus if not working 
in a dark room, and see if the fringes are visible. If not repeat ii. 
If visible, adjust the tangent-screw and the width of the slit to 
obtain the best possible definition. 

iv. If the fringes are too narrow, withdraw the eye-piece stmid 
as far as the illumination will allow. 

These adjustments should be entirely thrown out, and repeated 
several times, until starting with the apparatus entirely out of 
adjustment, the fringes can be found in one or two minutes. 
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206. Fringefl -with WMte Light. — The sodium flame may be replaced 
by an ordinal}" flame, the best being an incandescent gas light, 
and the coloured fringes due to white light will be visible. A 
sketch approximately to scale, showing the distribution of the 
interference and diffraction fringes, and the arrangement of the 
colours should be made. The fringes may be found with the white 
light at once by the same steps as above. They are of course best 
seen with an arc lamp or sunlight as source of light. 

Betermination of Wave-Length. 

207. The following measurements have to be made: 

i. The distance between the two images of the slit formed 

by the bi-prism. 

ii. The width of the fringes. 

iii. The distance d from the slit to the cross-wire of the 

eye-piece. 

Having seen that it is possible to set the cross-wire upon the 
fringes — that is, that the cross-wire is visible and the fringes large 
enough to measure — it is to find tlie distance c tjetween tlie 

images of tlie slit l>efore proceeding to determine tlie widtli of ^ 
fringes. If this is not done the time is frequently wasted, for it may 
be found impossible to determine c without rearranging the 
apparatus. Begin then with the determination of the distance 
apart of the images of the slit. 

208. To find c. — For this a good photographic objective will be 
needed as already mentioned. Withdraw the stand carrying the 
eye-piece to the extreme end the bench, but be careful not to 
disturb in the slightest degree either the In-prism or the slit 
Place the lens between the bi-prism and the eye-piece, and adjust 
it to form a reduced image of the sHts in the focal plane of the 
eye-piece. If any difficulty is found in this, hold a sheet of white 
paper against the eye-piece to act as a screen, and focus the slits 
upon it A very slight raovemmit either of the lens or eye-piece 
will now bring them into foc^s. Without moving the eye^piece, 
move the lens until an enlarged image of the Is formed. 

It may be found that thfe would require the to be brought 
nearer the slit than the stand of the ,bi-prism wiH achnit If 
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this is so, put the lens as near as possible to the slit, and bring 
the eye-piece up until it is in focus. Make sure that you have 
the enlarged image by sliding the lens once more towards the 
eye-piece (without moving the latter) until a diminished image is 
again formed. If an enlarged image cannot be obtained, either 
a longer focus lens must be used, or the bi-prism stand must be 
placed nearer the slit. Let c be the distance between the images 
we wish to determine, and the distance between the reduced 
images formed by the lens at the eye-piece, and u and z; the 
distances from the principal points of the lens to the slit and 


eye-piece respectively, then ^ = 

If the lens be moved until the enlarged image is formed, and 
^2 be the width of this image, then as u and v are now interchanged 


— = ~. Therefore — — and Thus « and v will not 

u ^ 

have to be determined. The accuracy of this method depends 
upon the ability to focus the image perfectly. If a very slight 
movement of the lens does not at once affect their definition so 
that the position of the lens can be determined accurately, the 
lens is not good enough for the purpose. To find and use 
the micrometer eye-piece, being careful to take the readings in 
one direction only in order to avoid the back lash of the screw. 
At least four independent determinations of c should be made, 
the eye-piece being moved between each set of readings, each 
time about a centimetre. If the error is large, a still greater 
number of readings will be necessary. The mean of these read- 
ings is to be used. The best readings will be obtained when 
and ^d therefore u and are nearly equal. 

209. Alternative Method for det«rtni^^ — If the focal length of 
the lens is t<x> small, it may be impossible to place it sufficiently 
near the slit to obtain an enlarged image at all. In this case <rcan 


still be determined from the equation “ = if u and v can be 

found. Therefore, having placed the lees so as to obtain the 
diminished image and found its width ^3, measure the distance 
from the slit to the nearest part of the tnotmt of the lens, and 
also from the cross-wire to ffie md of the moiint it. The 
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distances of the principal points from the ends of the lens mount 
can be determined as described under heading of “Compound 
Lenses/' §132, and added to these two distances; this will give 
u and V, 

Fairly accurate values of u and v are obtained by measuring 
to the diaphragm of the lens from the slit and the cross-wire 
respectively. 

Great care is required in measuring to the cross-wire not to push 
anything up the tube to break it. It will be quite near enough if 
u and V are measured to the nearest millimetre. Again, at least 
four determinations should be made. 

It is usually in the measurement of the distance c that the 
greatest error appears. 

210. To find X. 

See that the light is in the very best condition. Remove 
the lens used in the last determination, and withdraw the eye- 
piece stand as far as the illumination will allow; again being 
careful not to disturb the other two stands. If the fringes are 
not distinct, the tangent screw may be readjusted, as may also 
the width of the slit. 

Let us suppose that there are some fifteen fringes sharply 
defined. Commence at one end, take the reading for each fiinge 
across the field. It is very easy in making these readings to miss 
one fringe, and the series of readings should be examined to see 
if there is any sudden jump, and be numbered accordingly. Care 
will have to be exercised that the eye-piece head is not displaced 
by the hand in rotating the screw. It should of course be firmly 
clamped. 

Arrange the readings thus : 


Now of 
fringe. 

R«ding 
on scale. 

Reacting 
on head. 

Reading 
in cms. 

D^fepenoe 
of readings. 

Width of 
six bands. 








If fifteen readii^s are tskm t}^ %st reading ^oidd be sub- 
tracted from seymth, the second, tiho e^bth, and so on, 
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and the mean taken. This will give the average value for the 
width of six fringes. These numbers are to be entered in the 
last column, and the mean at the foot of the column. 

Or read each of the first five fringes, then without taking 
readings move the cross-wire on (counting carefully) to the eleventh 
fringe, and read the eleventh to the fifteenth fringes. Enter 
them as above and subtract the first from the eleventh, the 
second from the twelfth and so on. The difference will be the 
width of ten fringes, and mean will be the probable 

width of one fringe. 

2 1 1. The distance flrom the slit to the cross-wire of the eye-piece. — 
This may be taken with sufficient accuracy with an ordinary milli- 
metre scale. The distance from the slit to the brass work of the 
nearest point of* the eye-piece should be measured, and the distance 
from this point to the cross-wire added. The cross-wire is usually 
mounted at the end of a short tube. This tube can be withdrawn 
and its length found without touching the cross-wire. On no 
account must any pencil or rod be inserted in the tube^ as it would 
be almost certain to destroy the cross-wire. If these distances 
are found to the nearest millimetre it will be sufficient. 

The wave-length can now be found from the formula 



Lloyd’s Mirror. 

212. Freliniinary Expenments. 

Apparatus , — The optical bench, with slit and eye-piece (page 
196); Lloyd’s mirror (page 271); sodium flame and white light; 
millimetre scale ; black velveteen. 

Adjustanent. — The mirror must be mounted on the stand which 
carried the bi-prism in the last experiment, with its plane vertical 
and parallel to the optical bench. The stand must be set by its 
transverse motion «o that the plane of the mirror shall contain 
nearly, when produced, the slit and the cross-wire of the eye-piece. 
Remove the eye-piece and look through its tube. The slit should 
be seen directly and its image be visible in the mirror. If this is 
not the case and if the image and the slit do not appear very 
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close together, either the mirror may be moved forward or back- 
w’ard with the tangent screw, or the head carrying the mirror may 
be slightly rotated round a vertical axis, and then again clamped. 

The slit and its image have to be perfectly parallel to one 
another. This adjustment can be made by inclining the mirror, 
if it is mounted with adjusting screws, or if not by using the 
tangent screw on the stand carrying the slit. The images can 
usually be set sufficiently parallel by eye (especially if tbe slit and 
its image are brought very close to one another by the transverse 
motion), for the interference bands to be at once seen on inserting 
the eye-piece. Now look through the eye-piece, and even if the 
fringes are invisible, we know that the slit and mirror are 
practically parallel, and therefore that a very slight motion of the 
tangent screw must make them so. It is therefore easy to find 
them, and to obtain well-defined lines. 

The effect of an alteration in the distance apart of the slit and 
its image can be very readily observed with this apparatus. 
Looking through the eye-piece, turn the screw attached to the 
transverse stand, and as the plane mirror is brought nearer to the 
slit so that the distance c diminishes, the fringes will be seen to 
rapidly broaden. On withdrawing the mirror and increasing the 
distance, the fringes will become narrower and narrower ; the field 
over which they extend increasing in width at the same tima The 
reason of this increase can be easily seen if the eye-piece be 
removed, remembering that fringes will be formed only over the 
part of the field from which both the slit and its image are 
visible. 

Observe, and sketch the jfringes, both diffraction and inter- 
ference, formed with yellow and also with white light, and notice 
the effect of the transvCTse motion on these fringes. 

213. Detennmatiozi of tlie of So^om whli Uoyd’s 

Mirror. — ^The mirror must be close to the slit, and the eye-piece 
should be withdrawn as fer as the illumination will allow. The 
width of the fringes should be adjusted, until it is about as great 
as it was in the case of the bi-prism, for it must be remembered 
that an increase in this width though making this measurement 
easier to determine,' at the same time mear& 'a decrease in the 
distance between the slit and its hnag^ and therefore an increa^ 
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error in the determination of that distance. The determination 
of the values d and x is precisely similar to that already 
described in the case of the bi-prism. 

As these readings are much more trying (owing to the feeble 
illumination) than those with the bi-prism, it is not advisable as a 
rule actually to make them. 

214. SfSsct of widening’ the Slit with Lloyd’s Mirror. — The correspond- 
ing points are the slit and its image, the right side of the image cor- 
responds with the left side of the slit, and z'/h? versa. Hence an 
increased width in the slit adds corresponding points symmetrically 
situated with respect to the plane of the mirror. The central 
fringe will therefore be in the same position for the right and the 
left hand sides of the slit, but the fringe formed by the one side 
of the slit and its image will be wider than those formed by the 
other side and its image. The central bands, therefore, will remain 
sharp with a wide slit, but those at a distance from the centre 
will become more and more- hazy and finally disappear as the 
width is increased. This can be easily tested when the apparatus 
has been adjusted. 

215. Range of field over wMch the figures are fomecL — Draw a figure 
as on page 283, it would appear that there should be fringes only 
over a short range. Remove the eye-piece but not the cross-wire, 
and looking through the eye-piece tube set the cross-wire, the 
image of the slit and one vertical edge of the mirror in a line. 
This setting should be done in an ordinarily lighted room to avoid 
diffraction, when it can be made sufficiently well for the present 
purpose. Replace the eye-piece, and see if the cross-wire is or is 
not at one end of the interference system. Repeat with the other 
edge of the mirror. 

Presners Mirrors. 

216. A very simple form of Frwnei’a miirors has been described by 

Quincke. Lay a sheet of plate-glass a,bout 6 " x 2" on a flat table. 
Spread Y of plasticene over it Place two pieces of plate-glass, 
each 3" X 2'', on the plasticene. , Lay another she^t of glass on the 
top, and press it firmly down. A;^ply rather more pressure in 
the middle than at the en^, wiH the. two small 

pieces to make a slight angle onp wl^|Gh 
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varied by the way the pressure is applied ; the angle is, of course, 
due to a small flexure of the top plate. Thus, when the top plate 
is lifted off, the two small plates are in a condition to produce 
interference. 

The mirrors so made can be laid on their back on one of the 
stands of the optical bench described in § 37, adjusting the 
mirrors in a horizontal plane, and at right angles to the length of 
the bench. The plane can be varied by the screw P. The 
slit, which must be a good one, must be put up horizontally at 
one end of the bench, and the eye-piece at the opposite end; 
they may each be a foot from the mirror. A bridge to cut off 
the direct light from the slit must be set up about a above the 
dividing line of the mirrors. The eye-piece must be so placed 
that some light from each mirror enters it (t.e. seen from the eye- 
piece tube, the image of the slit should seem double). Then, 
on adjusting the screw P so as to make the slit and the line of 
intersection of the mirrors parallel, the fringes should appear. 

217. Apparatus . — ^The optical bench, with slit and micrometer 
eye-piece (page 269); sodium flame and white light; Fresnel's 
mirrors (page 271); black velvet 

A^fusfanent. — The e^qperiments with these mirrors are far more 
diflicult than with either the bi-prism or Lloyd's mirror, and 
should not be undertaken until the student is familiar with the 
other two methods of producing interferenca There are two 
mirrors, ^ch forming an independent image of the original slit. 
To obtain the fringes, the following conditions are necessary : 

i. The images must be parallel to one another. Unless tjhis 

is the case the fringes formed by the top and bottom of 
the slit will be of unequal width, and therefcwe only ^ 
few of the fringes in the centre of the field will be sharp, 
and overlapping will occur to a greater and greater 
extent towards the edge. 

ii. " The original slit must be parallel to each of the im^es. 

This is necessary in order that the ooirespondii:^ points 
in the inures may be symmetrically situated. 

We have thus two .iudepepdent adjustments, and, of these flie. 
latter^ is the more imporl^t md the i^pre difiScult ; hut 
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this is secured, no fringes are visible in any part of the field- It 
is best first to adjust the mirrors parallel to one another by eye- 
Hold the frame, carrying the mirrors in the hand, and look at a 
distant window bar reflected in the mirrors. Adjust the screws 

^ ^5 ^ 


G® 






Fig. 230.— Back view of Fresnel’s mirrors. E 
aj^ F are sjwings to hold the frames carrying the 
mirrors against the points of the screws A, S, C, 
D and E. . 


image of the window bar 
is straight in every position 
of the mirror, /.e. until the 
© @E @ mirrors are in one plane. 

A distant lamp-shade flame 
will do even better, for if 
the mirrors are tilted until 
the shade is seen first in 
one mirror and then in the 
other, it is easily perceived 
if there is any sudden dis- 
placement as the image 
passes from the one surface to the other. See also that the 
plane of neither mirror is above that of the other. This may 
be noted by looking at grazing incidence along the surface of each 
mirror in turn; the junction of the two mirrors should appear 
as a very fine line only. Now place this head on the stand 
of the optical bench that previously carried the slit. Place 
'the latter on the transverse stand, this stand being, of course^ 
changed to the end of the bench, and set the head about 
an inch out of the central line of the bench, so that the light 
from the slit may fall obliquely upon the mirrors. Remove 
the eye-piece, and looking through its tube rotate the head 
carrying the mirrors until the image of the slit is formed at 
about the junction of the two mirrors. Place the flame behind 
the slit in such a position that the image (or images if two are 
seen) is brightly illuminated. The slit itself, as seen from the 
eye-piece, will probably appear dark ; if not, a screen must be set 
up to cut off the direct light from it On moving the eye trans- 
versely the image will pass from one mirror to the other; adjust 
the tangent-screw on the stand -carrying the, slit until the irnage of 
the slit reaches the dividing Hne Of the mirtors at the, same 
instant throughout its length. turn the scre^ A, w'feich alters 



FURTHER EXPERIMENTS ON INTERFERENCE 283 


the angle between the mirrors, until two images of the slit are 
visible at the same time, one in each mirror. One of these images 
ought to reach the dividing line of the mirrors at the same instant 
throughout its length, "when the eye is moved in either direction. 
If all these preliminary adjustments have been carefully executed, 
on replacing the eye-piece and looking through it the fringes 
ought to be visible in the middle of the field, and can be rendered 
more distinct by carefully adjusting the width and inclination of 
the slit, and finally and exceedingly carefully, the inclination of 
the planes of the mirrors to the vertical. 

218. Tlie Limits of tlie Interference Fringes. — As with Lloyd’s mirror, 
so for Fresnel’s mirrors, both the width of the fringes and their 



Fig. 231. — Limits of Fringes with Fresnel’s Mirrors. 


number can be altered. It is an instructive exercise, to com- 
pare the extent of the fringes with the amount they should extend 
on the ordinary geometrical theory of the formation of these 
fringes. The fringes should be visible over all the field which is 
illuminated by both the images of the slit, that is the piece of 
the field where the fan of light from the one image of the sHt 
which is bounded by the edges of the mirror in which it is 
formed, overlaps the similar fan from the other image. 

To find the limits of the illuminated fields, remove the eye- 
piece, and with the micrometer screw, set the cross-wire in line 
with an edge of the mirror, and with the image of the slit formed 
by that mirror. Take the readings. Move the cross-wire until 
it reaches the line joining the image to the other edge of the 
same mirror. Repeat this for the image of the slit formed by the 
other mirror. The adjustments must be made in a light room. 
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Or the amount of the overlapping can be very easily calculated, 
if the size of the mirrors is measured, and the distance of the slit 
from the plane of the mirrors is found (by measuring with an 
ordinary scale the distance from the slit to its image in the 
mirror). Then knowing the distances from the mirrors to the slit 
and also to the cross-wire, the overlapping can be found by similar 
triangles- 

It will be seen from the figure that the overlapping portion is 
from B to C The length of this portion is of course given by 
the readings. Replace the eye-piece, get the fringes as clearly 
defined as possible, and see if they extend over an equal distance. 
The edges of the diffraction fringes will of course correspond with 
the same readings. Repeat this with the broad fringes, formed 
by making the two images of the slit nearly coincident. 

219. The effect of an increase in the width of the slit. — As the two 
“ corresponding points are each of them images of the slit, the 
right hand side of the one image corresponds to the right hand 
side of the other, and the left to the left. Thus an increased 
width in the slit will result in a lateral displacement of the fringes 
which will be the same for the central ones as for the marginal 
ones. An increase in the width will therefore produce an equal 
haziness in the fringes all over the field. 

If no fringes are visible rotate the slit by its tangent screw a 
very little, watching carefully the effect. There ought to be no 
difficulty in obtaining some trace of fringes. Do not toucii the 
screws of the mirror some faint fringes are visible. The slit 

must of course be fairly narrow, so that the light is quite faint. 
The previous experience with the bi-prism will be a guide in this 
respect, although the fringes with the mirrors must not be e^tpected 
to be so bright or so easily seen as they were with the bi-prism. 
When the fringes have been made as distinct as possible with the 
tai^ent screw and by the adjustment of the width of the* slit, 
th^e should be several clearly visible id the centre of the field. 
The number will depend upon the accuracy with which the planes 
of the mirrors were preliminarily adjusted parallel to one another. 
A very slight movement may j:K>w ..be given to one of the screws 
of the mhtois, watcfbii^ ^ alT the time. This should 

increase the number of The of the 
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slit must be again adjusted to render them distinct. By pro- 
ceeding in this way, first with one and then the other, the number 
of visible distinct fringes can be greatly increased. In every case 
the amount the screws are moved must be very small. 

If any light reaches the eye-piece from the slit other than that 
which was reflected by the mirrors, a black screen must be 
interposed. 

Owing to the very small luminosity of these fringes and the 
double adjustment required to obtain them, it is very diflficult to 
set the apparatus up in a room not properly darkened ; although 
when once found they may be seen (if not measured) in an 
ordinary room if the apparatus is properly covered in as directed 
in the case of the bi-prism. With the eye-piece removed, observe 
whether any light reaches its tube other than that passing through 
the slit, and place extra screens to cut off all such light 

220. Effect of vaiiatioii of angle of mirrors. — When the fringes have 
once been found their width can be altered by rotating the screw 
which controls the inclination of the mirrors to one another, as 
this has the effect of changing the distance between the two 
images of the slit formed by the mirrors. If the fringes are 
sufficiently broad and distinct, the measurements of the wave- 
lengths may be made as with the bi-prism, but the readings are 
exceedingly trying to the eyesight, and it is better to be ccmtent 
with obtaining, observing and sketchir^ them only. 

221. WMte ugh %, — Having found them, substitute white light 

for the sodium flame, and again sketch the fringes. Only a few 
coloured interference bands will now be visible in the centra of 
the field, with some diffraction toids on the two of the 

field. The alteration in these bands sboiild be obsm^ed and 
sketched as the angle between the mirrors is varied. These 
observations of the behaviour of the fringes are much more 
instructive than the mere mechanical ^‘taking of readings” so 
frequently attempted, and are much less trying to the eyes. 

222. Correspcmdiiig Points. — Notice that rotating the slit by the 
tangent screw does not alter the parallelism of the images formed 
by the two mirrors, and if the planes of the mirrors meet in 
a vertical line, these images will remain parallel to one anbffier 
for all inclinations of the slit, and the corresponds^ .pdints will 
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be on the same horizontal line. By “ corresponding points '' is 
to be understood the two images formed of the same point 
of the slit. It is these corresponding points which, being in 
the same phase, \rill produce interference 
bands. Thus the interference bands of 
any pair of corresponding points will be 
vertical. If the slit is not also vertical, the 
fringes formed by the different pairs of 
corresponding points along the length of 
the slit will overlap one another and produce 
uniform illumination. 

If the slit is vertical, but the planes of 
the mirrors are each equally inclined to the vertical in opposite 
directions, the images of the slit will also be equally inclined 
to the vertical and no longer be parallel to one another. The 
corresponding points will again be on the same horizontal line, 
and the fringes formed by each pair of corresponding points will 
again be vertical; but this time the central one of the fringes 
formed by every point of the slit will be 
coincident and therefore distinct. As 
the distance between the corresponding 
points is a varying one, the width of the 
fringes will vary, and they will be con- 
fused at a short distance from the centre. 

Thus, even if the planes of the mirrors 
are not both vertical, if the slit he adjusted 
to bisect ike angle between these planes (or rather between the 
intersection of these planes and the plane of the slit), a few 
lines will be obtained in the centre of the field. Hence, if 
the mirrors are adjusted approximately correctly, these central 
fringes cm he obtained by adjusting the slit only, and the final 
adjustment of the mirrors may be made afterwards. (The 
student should think out for * himself the reason why the 
bi-prism and slit, and the Lloyd’s mirror and slit, have to 
be so carefully adjusted parallel to one another, before any 
interference fringes are visible.) 



Fig. 233. 
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The Bi-Plate. 

223. Apparatus , — The optical bench mth slit and micrometer 
eye-piece (page 269); the bi-plate (page 272): sodium flame.; a 
good lens (page 270). 

If the course of the rays is traced from the slit through the 
bi-plate, it will be seen that there is no region of overlapping, and 
therefore no fringes can be seen in an eye-piece placed beyond it. 
To obtain fringes a lens is necessary, which must be so placed 
as to produce a real image of the slits. 



Fig. 234.— Locus of Fringes with the Bi-plate. 


From the above figure (Fig. 234), it will be seen that for a short 
distance from B to C beyond E there is a region of overlapping 
of the two beams of light transmitted by the plate. In this region 



Fig. 235. — Locus of Fringes with the Bi-plate. 


interference fringes can be formed. If the bi-plate is reversed, 
as in Fig. 235, this will be between the lens and the image 
from E to F only. The lens should be so placed that the images 
and Q2 are formed within the length of the bench, so that the 
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cross-wire of the eye-piece may be adjusted upon them. The 
distance can then be measured directly by the micrometer 

screw. This is the distance c of the formula (page 2 7 8). 

Let BC be the position of the focal plane of the eye-piece 
(i>. the cross-wire) when the fringes are observed. The distance 
from Q1Q2 to BC is the d of the formula. The fringes formed 
by the bi-plate can be found as directed for the bi-prism, taking 
care only that BC is within the region in which overlapping 
occurs. The fringes are very bright, quite easily found, and 
therefore can be readily measured. 


EXERCISE ON CHAPTER XII 

Loss of Pliase by Reflection in Lloyd’s Mirror. — Apparatus, — The 
optical bench with the ordinary slit and eye-piece and Lloyd’s mirror ; 
an arc lantern ; an additional slit ; an achromatic lens about 6" or 8'^ 
focus and 2" diameter ; a good prism and stands ; squared paper and 
black velvet. 

When light is reflected from a glass surface there is a sudden 
change of phase caused by the reflection. If we assume this loss of 
phase to be independent of the colour, it can be determined approxi- 
mately in the following manner : 

Project the spectrum formed by an arc light upon the slit as in 
Fig. 236. By moving the bench slightly, any part of the spectrum, and 



Fi«. 236- 


therefore any colour desired, can be used with which to form the 
fringes. It will not be necessary to know what the colour is. Set 
the mirror so that the fringes are fairly broad. Placing the slit in the 
red end of the spectrum, observe the positions of the dark bands. 
Repeat with the slit in the yellow, green, blue and violet (if there 
is sufficient light). If the readings are plotted on squared paper 
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those of any one colour will be found to lie upon a straight line. 
These straight lines will meet in a point. If the loss of phase is 
half a wave-length, this point would be exactly upon a line ; if there 
is no loss of phase, this point would be half way between ; by the 
position of this point of intersection, the loss of the phase can be 
estimated approximately. 


C.L 
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CHAPTER XIII 


COLOURS OF THIN AND THICK PLATES 

Newton’s Bings — Theory of the Method. 

224. As the inclination of the surfaces used to produce the rings is 
very slight, where the rings are formed at any one point we may 
consider the two surfaces to be parallel. 

Let AC and DB be the two surfaces separated by a layer of air 

of thickness e. A ray of light 
incident along PA will be re- 
fracted at A, reflected at B, and 
refracted at C, and emerge 
along CR. Another ray QC of 
the same parallel bundle as PA 
will also partly emerge along 
CR. Draw CN at right angles 
to AB produced. 

Draw CD at right angles to 
BDfand produce to E making DE equal to CD. Then, as AB, BE 
arfii in the same straight line, 

EN =EC cos CEN — ze cos f. 

Then the light will reach N from P, and C from Q together. Thus the 
differoice of path at C is the difference between BC and BN ; that is, 
EN, since BC — BE. 

There is a difference of phase of half a period introduced, as one 
reflection (at C) is in glass from air, and the other (at B) is in air 
from glass. 

T^u^ the whole difference of path is cos f-t-iX. 
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If this difference is any whole number of wave-lengths, the rings 
wiU be bright at that point They are therefore 

bright if 2 .e cos z-f i A = «A, 

dark if le cos i = n\ ( i ) 

225. To get e in terms of the radii of the surfaces. 

If both surfaces are convex the thickness e at 
any point is the sum of and the amounts 
the surfaces are separated from the tangent 
plane at the point of contact 

Let X be the radius of the ring, z>. = OM ; 

Rj, Rg, the. radii of curvature of the two surfaces at O (Fig. 239). 

Then, as OM is a tangent, 


Fig. 238. 



226. To calculate spherometer readings.! 

When the spherometer (Fig. 242) stands on a sphere, the th^ legs 
lie on a small circle PS of radius p, and the central point touches 
the sphere at the pole of this circle, O 
(Fig. 240)1 

Let M be the centre of this circle and let 
OM = (^- is the reading oi the spherometer). 

Then as PS is a chord, we have 

PM . Ji^=OM(2R-OMX 
or 

. 2R ^neariy) 

(as in our case die curvature is very small) ; therefore 
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To get p we may either measure the distance, a, between two of the 
legs, PQ, of the spherometer, or we may measure it directly by screwing 
the central point down to the plane PQR, and then measuring OP 
(Fig. 241). 

If we use the former, 

2 o 

/^ = -^^.COS 30 

2 n/J 

= -a . 

3 2 

a 


and 

Thus 


R 





or 




227. Then, if we take the dark rings, 


. ze 

A = — .COS 2 

n 

by (i) 

2 . cosz x^{ I I 
n 2 \Ri R2/ 

by (2) 

2. cosz 2,,- , . 

« -a-/* 

by (3) 

2 . COSZ* - V 

= ^ 

^-( 4 ) 


Newton’s Bings hy Transmission. 

228. Apparatus . — A plano-convex lens of about 10 inch focus ; 
a flat glass surface (one fe.ce of a prism or cube, or a piece of plate 
glass, not a mirror) ; a reading microscope and sodium flame ; 
red wax ; silvered mirror ; blocks ; scale \ spherometer. 

Make two small pellets of red wax about the size of small 
shot Clean the surfaces of the lens and plate. Holding them 
parallel to one another with the curved surface of the lens fack^ 
the plate, blow smartly between them. Wait, a moment for mjy 
condensed moisture to evaporate, put them together and place 
them on the table. Push the ttv’O pellets in b€^y^gto. .the lens 
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and plate until they just touch both, forming a small equilateral 
triangle with. %e point of contact of the lens and plate. Press 
the lens down gently upon the pellets. This will cause them to 
adhere and the lens will now' be firmly held, by its weight and 
the two pellets, upon the point of contact. The rings may be 
viewed either by reflection or transmission. If by transmission, 
the system must be mounted on blocks and a mirror placed 
so as to reflect the light from the 
lamp vertically upw'ards through 
the lens. The reading microscope 
must then be pointed vertically 
down and adjusted so that it is 
focussed upon the system of rings. 

As the curvature of the lens is 
considerable, the system of rings 
will be very minute, and therefore 
rather difficult to find wdth the 
microscope. It can easily be seen 
w'ith the naked eye as a little black 
Speck if th.e microscope is moved 
aside, and a small triangle of paper 
is laid on the lens with one comer 
pointing at the rings. If the micro- 
scope is focussed upon this comer of the triangle, and then 
slightly lowered, the rings will come into view. 

When the rings are found they appear slightly hazy, and will 
now and then be seen suddenly to alter their position, and it is 
impossible to take good readings. This is due to the fact that 
the size and position of the rings depend upon the angle of 
incidence of the light. As the sodium flame has considerable 
area, if the rings are allow'ed to be lighted by the whole of this 
area, it is obvious that the angle of incidence is not definite, and 
the accidental variations in the brightness in different parts of 
the flame will determine the apparent position of the rings. It is 
therefore necessary to limit the extent of the source of light. 
This can be easily done, if a hole about J inch in diameter is cut 
in a piece of zinc, and after the rings have been found with the 
microscope, this is inserted near the flame between it and the 



Fig. 242. — Spherometer. 
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mirror. By moving the diaphragm about, its best position can 
be determined. The rings will now appear perfectly sharp and 
steady. It is an advantage if the glass plate and reading micro- 
scope are mounted on a single slate slab isolated from the floor 
to avoid vibration, but this is not absolutely necessary. The 
readings must be taken from left to right only or from right to 
left only, to avoid the back lash of the screw. 



Fig. 243. — Newton's Rings by Transmitted Light. 

L, lens; B, glass blook; W, W, support; M, M, silvered mirror; S, diaphragm. 


The positions of the dark part Of the rings can be entered 
in the following table, beginning with the tenth ring on the 
lei^ ^ ^en reading the 9th, 8th ... in succession across the 
c€^®;jp the ... 8th, 9th, loth rings on the right. These 
thus be made in the second column of the following 
fmm bottom to top, and in the third colnmn from top to 
bottom. 
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The last column should be constant. One quarter of its mean 

value IS to be substituted for the — in the formula above. 

n 


Newton’s Rings by Reflection. 

229. A^pparatus . — As in Exercise 228. To adjust the ringsjfor 
reflected light, it is necessary to be able to tilt the reading 
microscope. 



Fig. 244.— Newton’s Rings by Refiection- 


L, lens ; G, glass block ; E, eye-piece, and O, objective of reading microscope 
M, divided head of microscope ; Vi, V2, slots m which the rods carrying th« 
microscope rests ; K, clamping screw ; the microscope is^ hinged at H to its 
support, and the support rests at R against the under-side of a fixed 
F. flame: D. dianhrae'm. 
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Having attached the lens to the glass as already described, 
mount it horizontally on a block in such a position that the 
surface can be focussed with the reading microscope (this be 
tested by placing a small piece of paper on the glass). Arrange 
a pointer opposite the' eye-piece of the microscope. Remove the 
microscope without disturbing this pointer. Adjust the sodium 
flame, distant about 18 inches, so that its reflected image is seen 
by an eye placed at the tip of the pointer. In doing this, it will 
be found that at least three images of the flame are visible, one 
from the upper plane surface of the lens, one from the lower 
convex surface, and one from the plate glass beneath. (It is an 
advantage if the lens is tilted sufficiently to throw the first of 



Fig. 245.— Newton’s Rings by Reflected Light. 


these, which is much larger than either of the others, to one side, 
as we shall then only be dealing with the light reflected from the 
interfering surfaces, and shall be able to get perfectly black 
fringes.) The image from the convex surface of the lens will 
not coincide with that from the glass plate, unless the reflection 
takes place at the point of contact of the two surfaces, for only 
then is the tangent plane to the surface of the lens parallel to the 
plate. The flame must, therefore, be adjusted until these two 
images appear to coincide from the pointer. When this 

is the case the small t^k ^^|rhich represents the Newton's 
rings system wilLbe just one comer of a small 

paper triangle, P, to appear feoincide with this spot as seen 
from the pointer. .Replace the microscope, spd focus it upon the 
corner of the paper triaugle, whm with alteration of focus, 

the rings will be visible and a Very of the glass 
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piate will bring them into the centre of the field. The flame 
should be now slowly moved until the illumination is as powerful 
as possible, and finally the stop in the zinc plate must be inserted 
in front of the flame, and adjusted to produce the best possible 
effect, as described above for the transmitted system. The 
readings will be taken and tabulated as before. This time the 
angle of incidence will be wanted. It is best found from its 
tangent Measure the height, A, of the slit above the table, and 
also A', that of the system of rings. Measure also the horizontal 
distance, from the system to the slit Then 


Mica Films or Selenite. 

230. Apparatus . — A thin film of mica or selenite, which should 
be ^ flat as possible, mounted on a table capable of rotation, for 
instance the table of a spectrometer; the film may be semi-silvered 
on each side; a semi-silvered mirror, which must be supported 
at an angle of 45"* in front of the film. 

The light from a Bunsen burner is to be reflected from the 
mirror normally on the film, from which it will be reflected back 
and received by 4 jie eye placed behind a small hole, or by the 
low-power telescop^^. above described focussed at infinity. If 
the film is normal, the interference fringes form a seri^ of 
concentric circles whose centre will be in the centre of the field. 
If the film be now slowly rotated, the fringes will cross the field. 
By counting the number which ^ss the needle point while the 
film is rotated through a given angle ^ the optical thickness of 
the film may be found. 

For let e be the thickness q£ the film. The difference of path 
between the light reflected from the front surfiice of tlie film and that 
which passes through the film, making an angle r with the normal and 
reflected at the back surface, is given by a formula differing firom 
that in § 224 by the intiOducrion of the refractive index, viz. : 

^=2ft^- cdsr+^ 

(say). 
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If the incidence be normal this becomes 

=(A+i)- 

Thus 8 j-S=(/o-A- -CO® '■)> • 

where pQ —p is the number of fringes that has passed the cross-wire 
during the rotation from the normal, and r is given by 

/jtsin r=sin/. 

Substituting for r, the optical thickness, fj£, can be calculated. 

N.B.—Both mica and selenite are doubly refracting, but the difference of refractive 
index in a direction normal to the natural cleavage does not greatly matter for 
purposes of ratio. 


]>eteniii2iatioii of Wave-Length, by the Interference of Thin 

Films. 

The same experiment may be formed in a slightly different way, by 
which the wave-length of the light of any colour can be found. 

231. Apparatus, — Spectrometer; prism ; thin film of selenite, or 
better, the double plates of § 243; white light; semi-silvered 
mirror (page 323). 



Fig. 246.— Interference of Thin Film. 


The spectrometer is set up with a prism and the spectrum 
obtained as usual, A white light A is then placed to one ' side 
of the collimator, and reflected by a semi-silvered mirror S on to 
a double plate or selenite M, placed normal to the collimator. 



COLOURS OF THIK AND THICK PLATES 


299 


from which it is reflected back into the collimator. If now the 
double plate be slowly rotated throogh a known angle, fringes will 
be seen to travel along the spectrum. (The mirror S must be 
rotated sufficiently to keep the light in the field.) By setting the 
cross-wire on any bright line in the spectrum, and counting the 
frbiges that pass that point, Counting from the time that the mica 
was normal, the wave-length for that colour can be found. 

If it is only desired to observe the interference fringes and not 
to measure the wave-length, they may be seen by reflecting the 
light directly from a mica film into the collimator and observing 
the spectrum, or by placing a film in front of the eye-piece of 
the telescope at an angle of 45* and observing the spectrum by 
reflection in that 

The fringes may also be obtained by reflecting white light by a 
soap film at an angle of about 45** down the collimator and 
observing the spectrum. The fringes in this case are very broad, 
and may each extend nearly half w^ay along the visible spectrum. 
As the film gets thinner they travel rapidly along the spectrum 
towards the violet, and look like shadows passing over the 


spectrum. As the film is 
thicker at the bottom, i 
the shadows lie obliquely 
across the spectrum. 

232. A still simpler w’ay 
of seeing the interference 
fringes caused by the re- 
flection at the front and 
back of a mica film is 
to roll the film round a 
cylinder, and observe with 
a prism the image of a 
bright light, reflected by 
the mica cylinder so 

formed. (It will appear to the naked eye as a bright line.) In 
a prism of which the edge is parallel to the generating lines of 
the cylinder, a spectrum will be seen crossed with a large number 
of dark bands. These are due to the fact that the image of the 



light is really a double line, the two lines being separated from 
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one another by a very small interval, and since they are images of 
the same source of light, they consist everywhere of corresponding 
points. The difference of path is, as before, 

2116 

cos r 2* 

Tie this mica cylinder round a cork, and make it water tight by 
shellac-varnish, or anything similar. Half fill it with liquid of 
greater refractive index than the mica and observe the spectrum. 
It will be found that the dark and bright parts of the spectra, 
formed by the upper and lower halves of the tube, are inter- 
changed. If the prism is held in such a position that the two 
spectra are in the field at the same time, the dark parts of the 
one will be found to correspond throughout with the bright parts 
of the other. This is because, if the refractive index of the liquid 
is higher than that of the mica, both reflections are from a rarer 
to a denser medium, and thus the difference of path is only 

without the 
cos r 2 


To Seal© the Spectrum, using the Colours of Thin Plates. 

233. Aj)paraius. — Spectroscope, as before ; two plates of optical 
glass, each semi-silvered ; they need only be about an inch in 
diameter; some red wax, or plasticene. (The plates of § 243 
will of course do.) 

The colours of thin plates are produced by the removal of 
certain colours in the spectrum, which depend upon the distance 
apart of the plates. As the distance is increased, more and more 
bands of colour in the spectrum will be removed, with the result 
that using white light all trace of colour will disappear, for the 
colours removed being distributed throughout the spectrum, and 
the colours left also distributed throughout the spectrum, the 
light transmitted appears to the naked eye identical with white 
light Examined with a spectroscope, however, the removal of 
the colours is still perfectly evident. When the plates are very 
close, one or more large bands of colour are removed from some 
region car regions df the spectrum. But as the distance is 
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increased, the width of the bands diminishes, and their number 
increases ^ with a separation such as is produced by the thickness 
of a thread of cotton, a very large number of narrow bands are 
seen emending from one end of the spectrum to the other. The 
effect is very much more marked, if the two surfaces of the glass 
that are placed together are semi-silvered, as then the bands are 
almost black. Messrs. Edser & Butler have su^ested the use 
of this for '' scaling’’ the spectrum produced by a prism. 

^ Owing to anomalous dispersion, the prism spectra formed by 
different varieties of glass do not agree with one another, even if 
the total dispersion is the same. The positions of the dark 
bands produced by the colours of thin plates depend, however, 
upon the wave-length only. So that, if two Fraunhofer lines 
in the spectrum are known, and the space between them is 
divided up by these interference lines, the scale so obtained is 
independent of the glass of the prism. 

Let two ordinary pieces of plate glass be semi-silvered, and let 
them be placed together with the semi-silvered surfaces inwards 
and separated only by three or four minute pellets of red wax or 
plasticene at the edges. Look at the reflection of a distant incan- 
descent filament, and by pressing the surfaces, adjust them until 
the images seem to coincide. Then view from a great distance, 
or with a telescope, the fringes formed by reflected sodium light. 
These fringes are formed at a distance in front of the plates, 
when the adjustment is nearly complete, and therefore ^can only 
be seen at a distance. They must be made as broad as possible, 
and their direction noted. 

The double plate so formed is placed between the nght angle 
‘‘comparison” prism of the spectrometer and a source of white 
light, with the direction of the broad fringes that stiH remaned 
vertical. A great number of dark interference lines will now be 
found in the spectrum. The number of the interference lines can 
be increased or diminished to anythix^ that is desired, by altering 
the distance apart of the silvered surfaces. 

At the same time observe a hydrogen tube by direct light, 
and count the number of fringes between the red and blue 
lines. This will completely determine the whole scale the 
instrument. 
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234- If d is the distance between the reflecting surfaces, Aq the wave- 
length of a dark band produced by these plates, \ that of the next 
band, Ag that of the third band, and so on, we have 

i)Ai=(? 2 + 2) Ag—..* 

If Ao and A are known, e.g. the wave-lengths of the red and blue 
hydrogen lines, n can be found from the equation 

s\t 

^"A<,-A’ 

Ai being the ^h band towards the violet from Aq ; then if A^ is some 
unknown wave-length, it is given by 


This method of sealing the spectrum is particularly useful in 
photographing absorption and other spectra, as by using a 
comparison prism the absorption spectrum may be adjusted 
alongside the fringes formed with this double plate, and the wave- 
length thus automatically registered on the plate in a single 
operation, it being only necessary to mark with scratches the 
situations of any two known wave-lengths. 


The Refractive Index of a Liquid by Newton's Rings. 

235. In the system of Newton's rings formed by reflection, a 
dark ring is produced at such a distance from the centre that the 
length of , path between the two surfaces between which the system 
is produced, is i, 2, 3, ... wave-lengths. If the space between 
the plates is filled with a medium other than air, in which there- 
fore the wave-length will be shorter, it is obvious that the rings 
will be smaller; and as the refractive index is the ratio of the 
wave-length in air to that in the liquid, by determining the wave- 
length in the liquid we can find its refractive index. As the 
intensity of the light reflected from the surfaces is very much 
less when the space between is filled with a liquid whose refractive 
index is near that of glass, the rings are not so easily seen as they 
are when formed with air between the surfaces, and it is almost 
impossible to see them at all in transmitted light. If reflected 
light is used, the rings formed by the reflections from these two 
surfaces will be alternately bright and black, but will be very 
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faint. If, therefore, there is no scattered light, and no light from 
any other surface reflected up the tube of the microscope at the 
same time, the rings will be visible though faint. But if the light 
reflected from the upper surface of the lens is also allowed to 
reach the eye, they will become invisible. As already pointed 
out, this light can be eliminated by sufficiently tilting the lens, 
so that the light reflected from the upj>er surface shall be oblique. 
The best way to perform the experiment is to find the rings with 
air first, taking care to tilt the lens, and then, without disturbing 
any of the apparatus, carefully insert a small quantity of the liquid 
to be examined. This will, by capillary attraction, be drawn into 
the centre and the reduced system of rings will be still visible. 

In order to find the refractive index, it is merely necessary to 
know the ratio of the diameters of the rings in the two systems. 

D2 

The mean value of — should be found, as directed in § 228, both 
n ^ 

for the system in air and for the system in the liquid; the 

refractive index will be the ratio of these two means. 

The Colours of Thick Plates, Brewster’s Bands. 

236. Apparatus , — Cut a piece of worked parallel glass into two, 
or cut from a piece of plate glass, selected by the method described 
oil page 38,^ two circles about i|:" in diameter. If the piece of 
plate glass is not quite parallel, if for instance it is thicker at the 
top than at the bottom, the two discs should be cut out side by 
side on the same horizontal line, so that tfeeir thickness may be 
the same. Then, although they may be both wedge-shaped, it 
will still be possible to obtain the fringes. In this case an arrow 
should be scratched on each disc indicating the direction of the 
wedge. 

Experiment . — Clean these two circles and place them together. 
On looking att the surfaces by reflected light, the bright Newton^s 
bands should be visible; in addition one or two systems of 
narrower straight bands going obliquely acrc^ the field are 
usually visible.^ On rotating the pieces of glass over one ,m:iother, 

^An ophthalmoscopic mirror {i.e. a concave mirror with a small bole in the 
middle) is very useful to reflect the light from a lamp down on to the plates, which 
are then observed through the hole in' the mirror. 
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these two oblique systems will generally rotate, but not at the 
same rate, and they will also alter in width. They are affected 
very much less by an alteration in the distance apart of the plates 
than the Newton^s rings. In feet, if the plates be slowly separated 
at one edge the Newton’s rings will disappear long before the 
others. These fringes may also be seen by transmitted light, 
using a distant Same. 

They are more brilliant if the plates are placed in a tube and 
the light admitted through a small hole at one end, the eye being 
placed at the other. If the glasses can be kept parallel to one 
another the fringes are equally well seen when the plates are some 
distance apart. If mounted in a tube the one glass should be as 
nearly as possible perpendicular to the axis of the tube, and the 
other glass mounted perpendicular to the axis of an inner tube 
which can be rotated in the outer one. By tilting the glass in 
the outer tube by a micrometer screw, the effect on the fringes 
can be better observed than by rotation only. The heads of the 
screws in this case should be outside the tube, to enable them to 
be adjusted while the fringes are actually being observed. If 
sodium light is used the fringes will extend right across the plate ; 
with white light only a few are visible. It will be seen that the 
fringes are formed along lines where the 
p] diSerence of path is a constant, that is, if 

[ I ,* I the glasses are mounted in contact with or 

It t t parallel to one another, along lines parallel 

,|o the bisector of the angle between the 
two scratches on the wedges. 

If the surfaces are a long way apart only 
these two systems are seen. 

The fringes are formed as indicated in 
Fig. 248. It wDl be seen that they may 
be formed in at least two independent ways 
and that the differences of path by either 
method yrill be small. If the two pieces 
of glass are not in contact and not quite 
parallel these two methods will give rise to 
two independent sets of fringes. When the glasses are in contact, 
Newton’s rings will be formed, and also one other system of 
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fringes is possible, as shown in Fig. 249. Thus, in this case, 
there are four systems of fringes. Semi-silvered glass would not 
improve the fringes, unless all four sur- 
faces were very lightly silvered, for, as an 
inspection of the figures shows, reflections 
take place at each of the four surfaces. 

If the fringes are viewed by somewhat 
oblique reflected light, it is possible with 
a sodium flame screened by a card in 
which a slit about wide has been cut, 
to obtain the systems independent of 
one another and free from other light. 

In this case their appearance is very 
interesting. 
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Examiiiation of a Sheet of nearly Parallel Glass by the 
Fringes of Thick Plates. 

237. Milner Mag., Sept. 1908) showed that these fringes 
can be easily used to examine a sheet of nearly parallel glass. Let 

AB and CD be two 
pieces of glass of 
nearly equal thickness 
{e.g. two pieces cut 
from one sheet of 
plate glass), let sodium 
light fall on them as 
shown at an angle of 
about 45^ and put 
a screen S to shade 
the further portion- of 
the glass from the 
directly reflected light. 
Several sy^ems of 
linges are formed. Any firing represents the lod of points at 
which the ^ckness of one pmte is a constant amotmt greater 
than that oM&e othOr, hetw^e the fringes do not move across the 
plates as they are pressed together or separated slightly. 
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Consider the interference of any two rays ABCDE and AGDF, 
each of which passes through the point D and enters an eye at EF. 

^ Let r and r+Sr be 
the angles which they 
make in the glass with 
the normals to the 
plates (the bending by 
the glass is omitted in 
the figures for the sake 
of simplicity, and HAB, 
HAG are in reality the 
angles of refraction in 
the glass). Let Zj and 
^ Z2 be the thicknesses of 

the glasses at C and G 

respectively. Then the relative retardation at D will be 
2Z1+AH 


am 




I 

1 


L_ 




r 

H 

1 


A=- 


aZg+AH 
cosr cos{r+ 8 r) 

_ 2 (Zx — Z2) 2Z2+AH 
cos r cos® r 


sinr 


. Sr. 


But from the figure, 

HD = (2Z1 + AH) tan (2Z2 + AH) tan (r + Sr), 

• • 2Z2*4”AH . «, ^(^'l — Zo) . a n 

giving — — . sm r 8 r= -LJ . sm® r Sr. 

cos^ r cos r 

Consequently, A = 2(Zi - Z^) cos r. (i ) 


As a is independent of the position of A, the fringes will be 
seen at the air film whatever be the size of the light. But if the 
eye is moved towards the normal so as to make the angle r less, 
the equation shows that the same retardation A will be produced by 
a smaller difference in the thickness of the plates (z.e. of - Zg); 
thus the fringes move towards the central one of the system. 
Thus the position of this central fringe (for which Z^ - Z2 — o) can 
be easily located. 

Over a small area each plate may be looked upon as a wedge 
of very small angle. Let Fig. 252 represent the plan of the two 
wedges superposed; and let th^ outline be supposed so drawn 
that the thin ends AB and A'B', and the thick ends CD and C'D' 
each have equal thickness, Pfodpce th^ ends to meet at A and 
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C respectively. Then the line AC is a line of equal thickness in 
the two plates, it represents the central fringe of the system, and 
the other fringes are parallel to it. If AB and A'B' are parallel, 
and the wedges slope the same way, the 
fringes will be broadest and parallel to 
AB. If one wedge is rotated over the 
other, the fringes also rotate, and the 
fringes become parallel to AB once more 
when the plate has been rotated through 
180“, but they are now very fine. 

238. If either plate is displaced parallel ^ ^ 

to its contour line the fringes will, of course, 

not move. In this way the contour lines may "be easily mapped out. 
If, for instance, a small plate, cut from a large sheet, is placed on 
the latter, and lighted by a sodium flame at an angle of about 45®, 
and shaded by a card, the fringes can usually be seen. They 
may be too fine ; if so, they will probably appear on rotating the 
little plate. Then fix attention on a particular fringe, and move 
the small plate by trial in such a direction that the fringe remains 
apparently fixed to it ; a contour line of the large sheet will be 
traced out. 

To find the angle of taie wedge of the large sheet at any point, 
move the small piece at right angles to the contour line and count 
the number of fringes that pass a fixed point on the small plate 
for a given displacement. The alteration in thickness is given by 

— ^ — for each fringe. 

2 cosr 

To obtain the fldngcs in wMte fight the central fringe must be 
found as above directed, using sodium light, and then the white 
light be substituted. If the plates are now in contact, and then 
one is slightly tilted perpendicular to the plane of incidence, the 
one system will break up into several, which are produced by to 
and fro reflections at the air film. If the plates are now slightly 
tiked in the plane of incidence, each of these will split into two. 
It is possible to have a large number of sets of fringes visible at 
one time. 
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Newton’s JMffnaaon Bings. 

239. Ajf^araius.—^iihtx an arc lamp, or a good white light, or 
a sodium flame enclosed in a light tight box in a dark room; 
a white card a foot square, and a sheet of zinc of the ^me size ; 
a large concave mirror of 10'' to 20* focus and 6 diameter of 
glass, silvered at the back (a ‘‘ shaving mirror ”). 

The rings are best observed with a powerful source of light 
such as that from an arc lamp or a lime light- But it is possible 
to see them ’with an ordinary white light or sodium flame, if the 
experiment is conducted in a dark room and the sodium, flame 
itself is enclosed. A small hole about in diameter is made in 
the centre of a sheet of white card about a foot square. (If an 
arc light is used the hole should be protected by a piece of zinc 
on the back of the card with a similar hole in it.) The large 
concave mirror is set up at such a distance that this hole shall 
be at its centre of curvature, and the light placed behind the card 
in the case of the sodium flame, or concentrated upon the hole 
with the ordinary lantern condenser if the arc is used. An image 
of the hole will now be formed on the card. By tilting the mirror 
slightly this image can be produced at about an inch from the 
hole. If now the mirror be lightly breathed upon, the rings will 
be seen. With an arc light they are very brilliant and can be 
seen from a considerable distance. As the moisture evaporates 
the rings fade away, and if the surface of the mirror is perfectly 
clean, and free from scratches or dust, disappear almost entirely. 
When the rings are formed with white light, there will be one 
white ring, of which the diameter is the line joining the centre of 
hole in the card and that of its image. This will be bordered 
both inside and outside by a number of coloured rings. The 
rings are produced by the interference of the rays scattered at 
the surface. 

One ray starting from the hole in the card is scattered at a 
point P, say, on the mirror, and after reflection at the rilvered 
surface at the back of the mirror at R and re^larly refracted 
at S reaches the screen at Q. Another ray starting from the 
centre is first refracted r^ularly, then reflected at the back at N, 
and after being scattered at the same point P, will also arrive 
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at Q. As these two rays are scattered from the same point they 
■will be approximately equally powerful, and their difference of 
path will be small. They vnll be in a condition to interfere. 
Q is in this case not the image of the centre O, it will only be the 
image of O when the light is regularly refracted at P instead of 
scattered there. 



Fig. 253. 


240, It is proved in Preston’s Zigk/, p. 206, that if R be the 
radius of curvature of the mirror, and OC = a, CQ = ^, where C 
is the point half-way between O and its image O' (and therefore 
the centre of curvature of the mirror). 

The difference of the two paths is 


d 




If this is a whole number of wave-lengths, the point Q will be 


bright, that is, if 


d . 




is the apparent thickness / of the mirror, which can be de- 


termined by the microscope, as in determining the refractive 
index of a glass plate in § 25. If the silvered surface is so 
perfect that no spot can be seen upon it, the image of a particle 
of dust on the surface may be used, the distance from the actual 
particle to its image being taken to be twice the apparent thick- 
ness of the glass. Then R can be measured directly and a series 
of readings for x taken with a pair of compasses, using, a sodium 
flame as the source of light. 
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Enter the readings thus : 


Number of Ring. 

Diameter. 

i The Square of 
the Diameter 


n 

Inner 0 

1 

2 

3 

4 





Outer I 

2 

3 

4 






The readings of both the internal and external rings should be 
taken, numbering them from the ring which passes through the 
object and image, the one next to this . both inside and outside 
being called one. The mean value of the last column must be 


multiplied by to give X. 
4E 


If the mirror is tilted so that the 


object and image approach one another, the internal system of 
rings grows smaller/ and they vanish into their centre successively. 
When the object and image coincide, only the outer system 
remains. 


Optical Thickness of a Plate of Glass. 

241. Let AB be a glass plate supposed to be of uniform optical 
thickness, ue. the time taken by a wave of light to go normally 
through it should be constant at all parts of the surface. 

Place the plate at the bottom of a wooden box. Let the light 
from some monochromatic source "S (the green mercury line) enter 
the box by a small hole,- and be reflected by a semi-silvered mirror 
CD down on to the glass AB. Then it will be returned from both 
the upper and the lower surfaces, and after passing through the 
semi-transparent mirror CD, will reach the eye E. Thus inter- 
ference fringes should be seen. The eye may be assisted by a 
low-power telescope focussed on the plate, and furnished with a 
cross-wire in the eye-piece. If the plate is optically uniform and 
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is normal to the line of sight, a series of circular fringes should be 
seen. If the plate is well made it will probably give nearly 


circular rings even if it is not per- 
fectly uniform. To see if it varies 
slide the plate about in its own plane, 
the rings will probably move also. 
The number of rings that pass over 
the cross-wire during any movement 
of the plate, gives the number of half- 
wave lengths by 'which the optical 
thickness has changed. By so mo'ving 
the plate that no fringes pass the 
cross-wire, contour lines can be drawn 
on the plate showing the loci of equal 
thickness. Then, if necessary, the 
plate may be polished again, rubbing 
down the thicker parts, and so an even 
thickness obtained. Lord Rayleigh 
found that it is possible to reduce 
the thickness by painting the surface 





Fig. 254. 


with weak hydrofluoric acid and that the surfece remained 


optically good. 


ADDITIONAL EXERCISES ON CHAPTER XIII 

% 

1. Obtain the reflected system of rings, under the microscope (Fig. 
244). Allow a drop of water to flow into the space between the lens 
and the glass block. It will be drawn in by capillary attraction. 
The rings will nearly disappear, but can still just be seen — especially 
if the light reflected from the upper surface of the lens has been 
eliminated by tilting the lens so as to reflect it to one side. The 
system will be so faint, that if once lost, it is practically impossible to 
recover it 

Npte the reduced size the rings, showing that the wave-length of 
light is less in water than in air. This esqjeriment cannot be ex- 
plained on the Emission Theory. 

2. Place an ordinary plano-convex lens on a face of a highly 
refractive glass prism or plate. Focus the rings by reflection, under 
the microscope. The system should have a black centre. Without 
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disturbing the apparatus, allow a single drop of oil of cedar to flow 
between the surfaces. The rings should now ha\'e a white centre, 
as the refractive index of cedar oil is intermediate between that of 
ordinary crovvTi glass, and the highly dispersive glass prism. 

3. The adjacent surfaces of the concave and convex components of 
an ordinary achromatic lens have a nearly equal curvature. Should 
the curvature of the convex surface be slightly greater than that of the 
concave surface, Newton’s rings will be formed when they are placed 
in contact ; and the system w^ll have a black centre when seen by 
reflected light Allow a drop of cedar oil to flow between the lenses ; 
the centre will become white. 

4. Newton’s BiSUsion Cireies. — These circles can also be produced 
with a plane mirror silvered at the back, and a lens. 

Place the lens at its focal length from the hole in the screen, and 
the mirror behind it ; the light after reflection at the mirror will be 
returned and refocussed on the aperture. Turn the mirror slightly, 
the image will be formed to one side of the aperture. Then by 
breathing upon the front surface of the mirror so as to produce a 
scattering at that surface, the rings will — as in the case of the concave 
mirror — be seen. The lens should be achromatic if white light is to 
be used. 



CHAPTER XIV 

INTERFEROMETERS 

An Interferometer may be described as an instrument in which 
interference fringes are produced by two beams of light which 
have travelled along paths sufficiently distinct for the one path to 
be capable of variation while the other is unaffected. 

Eayleigli’s Interferomefter. 

242. The simplest method of producing interference under 
these conditions is Rayleigh’s, in which light from a slit is parallel- 



Fig. 255. — Simple Interfaromete:. 


ised by a collimator and viewed by a telescope of 3 cm. aperture. 
In front of the objective is a screen with two apertures- In order 
to get good magnification with the least loss of brightness he used 
a glass rod, 4 mm. diameter, as an eye-piece. He used it to 
compare the refraction indices of gases. The gas to be experi- 
mented upon was enclosed in a tube 20 cm. long, 6 mm. bore, 
closed by worked glass ends, whidh were large enough to cut both 
beams. The pressure of the gas in the tube was varied until the 
systems (one through the tube and one above it) were coincident. 

Then when and were the pressures and 

A 

refractive indices of the gases- 
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Fabry and Perot^s Fringes. Interference of Parallel 
Plates. 

243. Apparattds . — The following is a simple method of mount- 
ing the mirrors by which these fringes may be formed : Obtain two 
pieces of glass optically flat on one face, and about two or two 
and a half inches square (two pieces of ordinary plate glass can 
be selected, giving straight and parallel “Newton rings”). The 
front and back surfaces of the plates should not be quite parallel, 
but should make an angle of or 2! with one another. On 
adjacent comers of the best side of one, cement with Canada 
balsam three pieces of cover-glass (cut off the same piece so as 
to be as nearly as possible of equal thickness), each about three- 
sixteenths of an inch square. When dry, semi-silver the best 
surface of each glass, and place the second glass on the first so 
that the best and silvered surfaces are adjacent, but separated by 
the pieces of cover-glass. ^ ^ . 

Now examine by oblique incidence the images of a distant 
lighted object (/.(?. the opal shade over a good light). If the 
silvered surfaces are not perfectly parallel, there will be a series 
of images as on page 36. Glue or pin a sheet of No. i or No. o 
emery cloth on. a flat board, wet it with turpentine, and carefully 
grind down whichever of the bits of cover-glass is too thick. 
This is easily done by placing the glass on the emery cloth so 
that it rests on the three pieces of glass, and then pressing gently 
on the one to be ground down while moving the plate about in 
circles of two or three inches diameter, going round these say 
once a second. The grinding is quite rapid, and the plate must 
be repeatedly rinsed, dried, and the images examined as above to 
see when parallelism is obtained. If the silvering has been 
damaged in the grinding, it should be cleaned off (with a few 
drops of nitric acid) and renewed, but if care has been taken 
this should not be necessary. Now place one drop of Canada 
balsam dissolved in xylol or benzol on each of the three comers 
and cement the plates together, applying just enough pressure to 
bring the surges parallel, as tested by the images coinciding. 
To get perfect coincidence towards the end of the_ grinding and 
in the final mounting, a telescope focussed on the image may be 
employed with advantage. Or the fringes formed with sodium 
light by transmission may be observed. The fringes should be 
observed from a distance as they are formed at a distance in 
firont of or behind the plates (see § 254). It, will be found that 
they are veiy fine and narrow j if the plates are not parallel, they 



INTERFEROMETERS 


315 


become broader as parallelism is approached, and finally circular 
fringes are obtainei The circles should be central when the 
light is coming through normally d 

The pair of plates constructed as above are now to be mounted 
on a stand similar to that used for the diffraction grating (Fig. 256)5 



Fig. 256. — Mounting for Fabry and Perot’s Mirrors. 


and stood on the table of the spectrometer. The collimator and 
telescope will .not be used, and they must be turned aside or 
removed. A sodium flame ; three convex spectacle lenses about 
1O5 8, and 6 diopters, mounted on supports that will allow them 
to be set up in a line with the middle of the glass plates ; and a 
needle-point to serve as a cross-wire ” will also be required. 

244. The plates P are to be set up on the table of the spectro- 
meter in a vertical plane. The 8 and 10 diopter lenses, A 
and B, are to be set up in a line normal to the plates, to form 
a very low-power telescope and focussed at infinity. The 6 
diopter lens C is to be set up in the same line on the other 
side of the plates, and the sodium flame put at its principal 
focus, so that approximately parallel light shall fall on the 
plates, and after transmission through them shall be received 
by the telescope. If all is in good adjustment, a system of 
concentric circular fringes should be seen in the telescope. If 
the centre of the system is not in the centre of the field, the 
plates must be turned round or inclined forwards or backwards 

i Good results can also be obtained with plates separated at four corners 
with pellets of plasticene. By pressing on the edges while watching the fringes as 
above, it is quite possible to set the mirrors parallel to one another. 
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to get it tliere. Lastly, the needle-point Q is to be adjusted 
between the two lenses forming the telescope to coincide with 
the central fringe. 



Fig. 257. - Fabo’' and Perot s Fringes. 


By counting the number of fringes n which pass the needle- 
point, while the table with the plates on it is rotated through an 
angle /, we can find the optical distance between the silvered 
surfaces. For let e be the distance between the surfaces. The 
difference of path between the light reflected from the two 
surfaces is given by 

cos f =/ X (say). 

\¥hen the incidence is normal, this becomes 
8(, = 2 tf=/oX (say). 

Thus Sj-S = (/o-/)A = 2 «(r -cosz), 

where /o is the number n of fringes that have passed the cross- 
wire during the rotation t from the normal. As it is unlikely 
that /o would be a whole number, it is better to get the first 
ring (at an angle t\) on the cross-wire, and count on from there to 
the angle /. The formula then is 

8-8^ = 2 e(cosz - cos z\) — njX, 

Thus if this number of fringes is known, and Xz\ and z are 
known, e can be found, and / calculated. 
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245. .&&al^PBis of nearly Uonoctomiatic HSghk — With sodiuni light, 
the appearance above described is modified by the fact that the 
light consists of two wave-lengths; this results in the fringes 
becoming sharply defined for a certain distance and then com- 
paratively indistinct, to become sharp again further on. It is 
obvious that the indistinctness occurs when the difference of path 
contains a whole number of wave-lengths of one of the con- 
stituents of the light, and contains an odd half wave-length of 
the other constituent. The region of greatest distinctness will 
be at a place where the difference of path is approximately a 
whole number of wave-lengths of each constituent. 

Thus, if/ be the number of wave-lengths of the one constituent Aj , 
and ^ be the number of the other Ag, we have 

5=2^ cos f=/Ai, 

and this is approximately equal to 

^Ag. 

At the next region of greatest distinctness, 

S' = 2 e cos a a=/' Aj , 
and this is approximately equal to 

^ A2. 

Subtracting 7 £ (cos H - cos t) ~ {/' -p) A 

and this is nearly equal to iff 
where if 

Thus, nearly, 

P'-i> I 

Or Ai-As=:t^^ j .. 

P 2^(C0SZ -COSZ) 

The light may also be analysed by using Fabry and Perot 
fringes at normal incidence, if the mirrors are so mounted that 
their distance apart can be varied while the mirrors remain 
strictly parallel to one another. 

This can be managed by attaching the one mirror to a support 
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similar to Fig. 265, and the other to a support by which its orienta- 
tion can be varied until it is parallel to the first mirror. ' Such a 
support is shown in Fig. 267. The mirror is attached to this with 
red wax or plasticene, with its semi-silvered face in the front. 
The mirrors having been adjusted parallel to one another, the 
second one is moved by the long screw and the dearness of 
the fringes estimated. A curve is then plotted showing the 
distinctness of the fringes at each position of the mirror. This 
curve will be periodic, and is due to the interference of the 
various components of the light used. In this way a line 
apparently monochromatic {e,g. the green mercury line) may 
be found to be multiple, and the components may be 
ascertained. 

The two chief components of sodium light can be easily 
followed {each line is probably really compound). 

Thus having found e as already described, the difference of 
wave-length of a nearly monochromatic light, which consists of 
two constituents of nearly equal wave-lengths, can be found. 


246. Ratio of tlie Wave-lengtlis of two MonodhxomsiUc Lights, eg. the 
red and green cadmium lines. Find the value of as in § 244, for 
each wave-length for a pair of Fabry and Perot plates at a fixed 
distance apart. Then adjust the plates normal to the telescope 
and observe the rings. Suppose the as above found, refers to 
the first ring from the centre in light of wave-length A., and is 
therefore a whole number. So let be the order of the first 
ring in light of wave-length A'. Then 




where x and x' are the angular diameters of the ring in each 
case. 


For the centre of the system, will not in general be a whole 
number, and will differ from / by a fraction €, less than one. Thus 
we may write : 

for the wave-length A 




A'. 


and 


>5 


>7 
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If ji: is the angular diameter of the ring (which can be measured 
by the telescope), then 

Then, as in § 244, we have 

2^ cos 2=/ A, \ 

7 .e=p^X. f 


So 


^ nearly. 


Thus, as A</ 4 -€) = X'(/'- 1 -€ 0 , 

we get A'=A|,(i+f-^). 

The ratio of A' : A can be found to a high order of accuracy. 


The Zeeman Effect. 


247. This can be exhibited 
etalon, i.e. a pair of parallel 
semi-silvered reflecting surfaces 
at a fixed distance apart (see 
§ 243). The etalon is most 
easily made by semi-silvering 
the two surfaces of a piece 
of parallel glass about or 
so thick. It must be used 
with monochromatic light — say 
from a helium or argon tube, 
and a spectroscope. 

Appixratus. — ^ electro- 
magnet with conical pole-pieces 
to give a strong concentrated 
field. The pole-pieces must 
be separated just suffici®atly 
to allow the narrow part of 


by means of a Fabry and Perot 
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the helium tube to be inserted between them. The magnet 
need not be a very large one, if it is only required to show 
the broadening of the lens. The etalon may be mounted in 
a direct vision spectroscope on either side of the prisms, or it 
may follow the train of prisms of an ordinary spectroscope. 
The slit should be opened fairly wide: a helium tube and 
stand, and a coil to work it : a battery and key for the electro- 
magnet 

The spectroscope is first to be adjusted, so that the helium lines 
are in focus. Then the etalon is to be inserted, and adjusted 
so that the centre of the ring system is in the middle of the field 
of each bright line. The fringes will, of course, only be seen 

in the bright patch formed by 
each bright line, the size of which 
may be increased by widening 
the slit A nearly similar system 
will appear in each line, and if 
the etalon is made of a parallel 
plate, and is normal or nearly normal to the light, the fringes 
will form a number of arcs of circles as in the figure. 

Now turn on the current in the electro-magnet. Each of the 
fine bright arcs in the systems of fringes should become 
broader. The broadening can be seen when the current is 
alternately switched on and off while the observer is watching 
the fringes. 

By observing the lines with a nicol or a double-image prism, 
it may be possible to separate the components of a broadened 
fringe, and to see that they are polarised. 

Jamin’s Interferometer. 

248. Apparatus . — If it is required merely to obtain the fringes 
and to observe them, it will be sufficient to have two pieces of pkte 
glass mirror cut from a single piece of parallel glass, so that they 
may be of exactly equal thickness. The glass may be selected 
by observing the image of a distant flame at grazing incidence. 
If the glsL^ is parallel, only one image will be visible and not a 
series of images (see page 36). Very often in a large sheet some 
part can be found where this occurs ; the mirrors should be cut 
from such a part, — or, of course, specially worked ^ass can be 



Fia 259. 
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used. In this latter case also, the two mirrors must be cut out of 
the same piece of glass. They must be silvered on the back and 
can be about i cm. thick and 5 cms. square. Two stands upon 
which to mount these mirrors will be required. These can be 
very easily made as indicated 
in Fig. 260, A piece of thin 
brass about 2^" square is sol- 
dered upright on a base about 
by 1 1 ". Fine screws, with 
milled heads, are put near three 
of the comers. A plate about 
square, with a hole, slot, 
and plane, is held against the 
points of these screws by a 
spring at the centre of the 

triangle formed by the first f.g. ^.-Mou« for Mirnw. 

three screws. The mirror is 



screws is a right angle, a movement of the screw on the right will 
rotate the mirror about a vertical axis, whilst a movement of the 
bottom screw will rotate it about a horizontal 
axis, and the plane of the mirror can 
therefore be adjusted. Two pieces of zinc 
will be require^ about 2" by 3", bent at 
right angles pardlel to one of the shorter 
sides. One of these (Fig 261) has a hole 
I" in diameter in the centre, furnished with 
a pair of cross-wires, and the othea* a hole 
about in diameter. A slate slab about 
square and an inch thick will do to 
They can be attached to the slab by the 
cement about in the positions indicated in the %ure, where 
A is the piece of zinc with the aross-wire, B and C are tie 
mirrors parallel to one another, and D is the piece of zinc with 
the sinali hole. 

249. A^so^mn fiame F is put b^^hd A and the eye ai^lied to 
the Jhole in O- Two iimges of the cross-wire will probably be 
viable. Tbe screws atodied to the mirrors are to be adjusted until 
these two iu^es exai^ Wh^ this occurs the fringes 

wiH a^ 4 ar. wSl form parts of wdm, md further 

the #111 brlhg the cer^e df the ^ystto of 

C.L. X 



Fig. 261. 

mount them upon. 
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circles into the field. When this is the case, if the mirrors are 
of exactly equal thickness, white light may be substituted and a 

few coloured fringes will be 
visible, but if the mirrors 
are not of exactly equal 
width these fringes cannot 
be seen. 

The adjustments should 
be disturbed and the fringes 
found several times until 
they can be easily obtained 
in a few minutes. 

The fringes are greatly 
improved by the introduc- 
tion of a short focus lens 
between F and the mirrors, 
the zmc plate A can then be removed and put at the principal 
focus of the lens, the flame being immediately behind. Also the 
plate D being removed, a low-power telescope magnifying only 
about two diameters, focussed for infinity, should be used to 
observe the fringes as described on page 316. 

For actual work, the glass plates require to be optically worked. 
They should each be about 6 cms. by 3 cms., and about 4 cms. 
thick, and must be silvered at the back. For illumination a 
Nemst filament can be used, placed close behind a small circulai 
hole about 2 mm, diameter ; the filament is to be in the focal 
plane of a collimating lens. The re-combined white light which 
comes from the second plate can be focussed on the slit of a 
sprectroscope. Fringes will then be formed in the spectrum, and 
any optical variation introduced into the path of either beam will 
cause the fringes to move along the spectrum. The position of 
the fringes in the spectrum can be determined by using a 
comparison prism and auxiliary spectrum in the usual way. 

Lodgers Interferometer. 

250, Apparatus ,— stands similar to those already described 
will be required, with two plane mirrors silvered on the front 
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about 2 ' square/ and also a semi-silvered mirror. The amount 
of silver on the latter must be very small, so that the light 
reflected is about equal to that 
transmitted at an angle of about 
45/ The stand for this mirror 
consists only of a piece of brass 
in the form of a right angle, one 
side being about 2T' and the other 
about 3" long, supported on a fine 
milled head at the extremity of the 
longer arm, and upon two round 
headed screws, one at each end of 
the shorter arm. 

The mirror is cemented upright 
to the shorter arm with red wax ; 
or if preferred, an upright angle piece may be attached to the 
stand, with a little side screw to clamp the mirror as indicated 

in the figure. The colli- 
mating lens and telescope 
of § 244 should be used. 

A small triangular piece 
of brass, with a triangular 
hole, is fastened to the 
slate slab for one of the 
round-headed screws to 
rest in • a small brass 
block is also cemented to 
the slab for the side of the 
long arm to be pressed 
against The two silvered 
mirrors are seen just 
outside the circle which 
indicates the rotating discs ; 
and the two pieces of zinc 
previously described are 
mounted as shown in the 
figure, or the collimating 
lens and telescope may with advantage be substituted as in Fig. 257. 

On looking through the pinhole in the one piece of zinc (or 
the telescope) similar fringes are seen to those with Jamin’s 

iTwo selected pieces of silvered plate glass, from the back of which the red 
varnish hasj^lbeen removed with alcohol, the cleaned faces being used as the 
reflecting surfaces. 



Fig. 264.-— Diagram of I^odge’s Interferometer. 
The semi-silvered mirror is shown much enlarged, so 
that the path of the light may be more easily traced. 



Fig. 263. — Stand for Mirror. 
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apparatus. The light forming one image of the cross-wire has 
gone round the triangle clockwise, whilst that forming the other 
has gone round the triangle counter-clockwise. 

Lodge used an interferometer on this principle to try and find 
whether matter carried ether w'ith it or not. He rotated a pair 
of circular saws in the triangle, as indicated by the large circle, 
the saws being on the same axis and a short distance apart, and 
the light passing through the space between the two. The result 
was to produce a circular motion of the air between the saws. 
If this and the saws had any effect upon the ether it should 
accelerate the light passing round in one direction and retard 
that going in the other direction, and a displacement in the 
fringes should result. When he had eliminated all the spurious 
displacements caused by the stress in his apparatus, he could 
find no trace of any movement 


Michelson’s Interferometer. 

251. Apparatus , — Four right an^e pieces of brass will be re- 
tired, three of them are to be similar to those already described, 

but the milled head of the 
fourth should be rather large, 
and must have a very fine 
threaded screw. Two large 
milled heads with fine 
screws, each working in an 
angle piece of stout brass, 
will be wanted; and two 
pieces of brass about 4' 
long and y' wid^ bevelled 
on one edge, which placed 
with their bevelled edges together will form a groove. The angle 
piece MPTj (Figs. 265 and 266) which has the large milled head 
M must also have a projection ME on one side at the end of the 
arm, to which the milled head is attached, bent up as shown in 
the figure, for the screw of the milled head to press against. 
Two mirrors silvered on the front, as in Lodge’s interferometer, 
will be required, also a semi-transparent mirror and a compen- 
sator. These two latter are to be two pieces cut out of a single 
piece of wcnrked glass, so that they may be of exactly the same 
thickness, one being semi-silvered and the other clear. Either 



Fig. 265. 
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two pieces of zinc A and D, as in the figure, or a sodium flame 
and collimating lens and a low-power telescope, are required. 
The apparatus is set 
up on a slate slab as 
shown in the figure. 

All the apparatus 
can be attached to 
the slab with cemen- 
tium. Begin with 
the grooves G ; then 
lay the angle piece in 
them and attach the 
block of the milled 
head Kj ; then that 
of Ko and the tri- 
angle Tj, so that the 
mirror P may be at 
right angles to the 
slab, and exactly the 
same distance from 
B that Q is. Attach 
the triangle Ts, SO 
that the mirror B may 
be at the junction 
of the lines from the 
mirrors P and Q, 
parallel to the sides 
of the slab, and at 
45* to these lines. 

Fix A and D on the continuation of these lines, and Tg so that 
C shall be on the line BP. 

On looking through D two bright images of the cross-wire will 

be seen, and other faint 
ones. Adjust B uptii the 
bright ones appixjxipaately 
coincide, and cem^Jl op 
the block w. The feal 
ooinddence must be 
tained by Ae 

milled b^ads M and Kg. 

- ^ ^ » When the coincidOTce is 

staaad wyehsStooBifefeiii. p^ect, fringes Will 06 SeCp 



Fig. 266.— F, flame ; A, piece of anc with cross-wire ; D, 
zinc with <a^aH bole ; B, semi-sihered mirror ; C, compeaisator ; 
P and Of mirrors silver^ on the fece ; Ki, K®, the milled bcais 
in thick angie blocks ; G, grooves ; E and E, elastic haiKw ; 
Ti, Tj, T,. brass triangles ; w. brass block to 
angle piece rotating ; M, lai^ milled bead in angle block. 
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with the sodinm flame. Further adjustment of M and K2 will 
enable the centre of the system of rings to be found. ^ If the 
distance BP is exactly equal to BQ, on substituting white light 
at F for the sodium flame, coloured fringes will be visible. This 
will, hoTvever, probably not be the case, but the distance can be 
adjusted either by the screw’ or, if nearly right, by rotating the 
compensator C. 

As the two interfering pencils BP and BQ are widely apart, 

this arrangement has been 
used to measure the optical 
thickness of a thin plate or 
of a tube containing gas 
wBose refractive index is 
to be determined. 

252. An alternative me- 
thod of mounting the mirror 
P is shown in Fig. 268 ; the 
milled head M is here on 
the block that carries the 
screw Kg, shown separately 
in Fig. 269. A pivot which 
has a triangular pyramid 
Fig. s 68 , for apex (Fig. 269), fitting 

into a circular hole, may 
be* substituted for the triangle Tj. An elastic band keeps the 
stand against the screw Kg. 

The stand in Fig. 269 also shows a method by which very slight 
movements may be produced by a coarse-threaded screw. The 
screw is put through a 
thin piece of the stand 
which is partly separated 
by a saw* cut from the 
other and more solid 
portion on which the 
arm of the mirror stand 
rests. On tightening the 
screw both of these parts Fig. 269. 

spring to extents which 

depend upon their thicknesses ; and thus the movement of the 
thick part may be exceedingly slow — if its thickness is much 
greater thatii that of the other. 
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Fabry and Perot used a very simple and effective device for the 
fine adjustment for parallelism (Fig. 270). ( )ne of the mirrors was 
mounted on the end of an arm of only moderate rigidity, and of 
rectangular cross-section. Along, and parallel to, two adjacent 
sides of this arm, were two projections from the stand, and 
between each of the projections and the arm was a small hollow 
rubber ball (the teat sold for a baby^s comforter would no doubt 



do). Each ball was connected by a long thin rubber tube 
with a small reservoir {e.g. a thistle funnel), and the systems 
were filled with water. Each rubber ball of course exerted 
a pressure, forcing the atm away from the projection it was 
pressing against, and this pressure could be varied by adjusting 
the height of the reservoir. Thus the arm carrying the 
mirror was given a flexure which ""would be varied at will, and 
the final setting of this mirror into parallelism with the other 
mirror of the pair was effected with ease, and without risk of 
disturbing the stand which the manipulation of a screw would 
produce. 


Exercises wi^ the Interfarometer. 

1 . To compare tii6 BedE^racMve iB^^ces of two Ceases. — Prepare two 
brass tubes of the same length with worked glass ends. Fill one with 
each gas. Let the glass «^da be large enough to project beyond the 
tubes. Insert tadje in each beam Bnd get two interfere^e 
patterns^ one for the which passes through the tubes and one lo^r 
the light which, cdmes ^iro^gh th-e glass ends but not through the 
tubes (ilr. throu|^ the parts that pioject beyond the tubes). ’ Vary the 
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pressure until the systems are coincident, that is until with white light 
the fringes are coincident. Then 

A 

where /ij, A and refractive indices andThe pressures of 

the respective gases. 



Fig. 271. 


The absolute value of the refractive index (po) at o® C. and 76 cms. 
pressure for light of wave-length A is given by 

where / is the temperature, a is the coefficient of expansion, /is the num- 
ber of bands that pass the wire, while the pressure changes by P cms., 
L is the length of the gas path in the tube. The pressure can be 
varied by first pumping it up, and then allowing the gas to escape. 
a may be taken to be o*oo367. If a Nernst lamp and a spectroscope 
are used, as described in § 249, / will be the number of fringes that 
passes some standard wave-length. 

If ftj and fjL^ for two known wave-lengths Aj and A2 have been 
determined as above (Ex. r) the constants in Cauchy’s equation can 
be found, for we have 

, 6 ' 

in which a and 3 are the only unknowns. 

2 . Tlie Betermmatioii of tlie TMckness of the “ Blaci: Spot.** — This appa- 
ratus was used by Reinold and Rucker to find the thickness of the 
black spot in a soap film. Two pieces of flat brass, each about 8^' or 10" 
long, had a series of shallow grooves filed across one face, at distances 
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of i". A glass rod was drawn out to fine threads, and one of these, 
about long, was placed in each of the grooves of one of these 
pieces of brass. The other piece was then laid upon it, and they were 
wired together. By passing a small flame along close to the brass while 
the glass rods are in a horizontal plane, these latter are bent down 
by their own weight at right angles, making a series of small hoops. 
Some solder was then melted in a shallow trough, and the points of 
the glass rods dipped into it whilst hot, and allowed to remain there 
till cold, the pieces of brass were then removed. In this way a large 
number of hoops were left standing up vertically in the solder. 

Some soap solution was poured in a glass trough. The trough 
with the hoops was immersed in it, and then raised, so that the hoops 
were lifted above the liquid. Each hoop now supported a vertical 
soap film. This was then placed in the path of the beam PC so that 
the light was transmitted through all the films. An air-tight glass 
cover with worked ends was placed over the whole to stop evaporation. 
The fringes were found as usual As the films drained, some broke, 
but many of them formed black spots. When nothing was left but 
black spots the position of the fringes was taken and the number of 
black spots counted. (The counting was done by watching the 
reflection of a candle in the films.) Then assuming the refractive 
index of the soap solution known, since the displacement of the fringes 
gives the total difference of path, the thickness of each film can be 
calculated. He was led by the results of his experiments to the 
conclusion that the spot was either of thickness 12/i/x. or the 

thickness changing abruptly from the one value to the other. 

3. DetenEdimMon of -Qie Optical TMOkness of a ^raun Film, ejg. sl Sbeei 
of Ml fig, or a Micro-cavor Glass. — Adjust the apparatus to obtain verti<^ 
fringes. Insert in one of the beams of the interfering light a piece of 
mica. The fringes, will, of course, be displaced, and they will be 
displaced by a number which cannot be directly determined, as it is 
not possible to identify the bands. Suppose, first, the film to be 
plac^ normally to the light, then the difference of path will be 
2(jjt,— i)e,e being the thiclmess of the film and its refractive index. 
If this be supposed to have displaced N fringes, we have 
2(/a~i)^=NX, 

Now ro^e th« film through a definite angle, / (say lo*"), and count 
the nnnaber of fringes tliat cross the field, n. The difference of path 

will now be and thus 

, . , <*• - r)). 
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Subtracting, 


»X.= 2 (ll-l)£- - COS (* - ^))> 


, . . , smz 

where r is given by 


This will enable e to be found if is known, or ft if e is known. 
N+« I jtx-cos(g-r ) 
fx - I 


Dividing, we obtain — = 


N cosr 

Thus, if fi is known approximately, we can substitute for cos r, and 
can find N, the retardation produced by the film. 

Note. — If X be the wave-length in air, the wave-length in the film is The 

distance travelled in the film is K:L=— . thus the number of waves in the film 

cosr 

is The number of waves in the air 

cosr IX 

before the insertion of the film was 
KM_ <?cos{f-r) 

X Xcosr 

Thus the difference on passing through the 

filni is ~Ji~, In the case above 

X cos r X cos r 

it passes through twice, and therefore 

cos(g-r) \ 

^xVcosr cosr / 



Other Methods of Producing Interference with a 
Small Difference of Path. 

253. Apparatus . — A mirror with parallel faces silvered at the 
back; a semi-silvered mirror; a pair of plane rnirrors silvered on 
the front These mirrors may all be about 2J" long and high ; 
they should be mounted as in Fig. 263. 

Set up the mirror A, silvered at the back, and the semi-silvered 
mirror B, parallel to one another, so that the light from a source S, 
after reflection at B, shall fall at an angle of 45** on A. Adjust a 
pair of plane mirrors silvered on their face at O, at right angles to 
one another, to receive this light It will be seen that a ray of 
light starting along KLM, after transmission through the semi- 
silvered surface, will emerge from K' ; whilst a ray along K'L'M', 
which will traverse the same path in the opposite direction, will 
emerge at K. If the line of intersection, O, of the mirrors is 
exactly parallel to the plane of A, and this path be exactly equal, 



INTERFEROMETERS 


331 

there will be no fringes, and the whole surface will appear equally 
illuminated. But if the edge be slightly inclined, or if the paths 
are not quite equal, fringes will be formed. 



Fig. 273, 


It is not possible to apply this to any practical purpose, as it is 
obvious that anything placed in the path of one ray is at the same 
time placed in front of the ray going the other way round. 

A simpler arrangement is shown in the next diagram, in w’hich 
the light after reflection in the mirror A passes through a lens 



Fig. 274. 


and falls on a plane mirror situated at its principal focus. If this 
is exactly adjusted at the focus of the lens, no fringes are formed. 
But if it be placed a little within or without the focus, fringes are 
seen. The same remark applies also, however, to this case. 

Fabry and Parrot’s mirrors have already been referred to, § 243. 
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Positioii of the Inteiferenee Fringes in an Interferometer.^ 

254. Let Om and Om* be two mirrors, and p a bright point on 
the surface of Om. Let p* be the image of in Ofn^- Let P be a 

point at which the 
interference is sought 
(not necessarily in the 
plane of the paper), and 
let J-Ap')^ be S. 

Then the difference 
of path is 

A=P/~P/ 

cos 5 (nearly) 
=s2/COS^, 

where / is the distance 
^ apart of the surfaces 
at p. 

Let cdef^ c'd'df (Fig. 
2 76) be two plane images 
inclined to one another 
at an angle 2<j>, and let their line of intersection be parallel to 
so that the angle between cd and dd' is 2<f>, whilst the mirrors are 
at,an angle with one another. 




Let PF be normal to the image and equal P. 
Let the distance apart at P' be 2/^. 

Then at B, the distance apart, 2/ is given by 

^=4> + CP'tan<j& 

= /q 4- P tan / tan ^ 

where the 4 F'PC = /. 

J PML 18^. 
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A = 2/ cos 5 = 2 -{- P tan / tan <j>)cos 8 

-h P tan / tan <j> 

sji + tan^ / + tan® 

where the z. DPF = &. 

Thus A may have all possible values for different values of 
/ and d. But if the beam be supposed to be limited, say, by a 
pupil at E, the difference in A can be made small. For given 
maximum values of 6 ^ we want the position of P for which the 
variation of A shall be a minimum. Differentiating first with 
respect to B, we have 

tan B 

SA + 

( I + tan^ t + tan* 

This is zero if B — o, or if A = o. 

Now, differentiating with respect to /, we have : 

f(i + tan® i + tan® B) - ^ ^ 4- P tan 4 tan ^ 


\ ( I 4- tan® $ 4- tan® B)^ 

This will be zero if the numerator vanishes, or if 
(i 4- tan® tan ^ = tan /, 




or if 


P = — ^ — - tan t. cos® B. 
tan <l> 


Hence both ^and ^ will be zero, and therefore the fringes 

bt 7 oi 


will be most distinct, if ^ \ 

p 4.tan/ L 
tan<f> } 

From these we see that if 4 = 0, or if /—o, the fringes will 
coincide with the mirror. If if the surfaces are parallel), 

P = oo. 

If / and i> have the same sign the fringes are in front of the 
mirrors, if of opposite sign they are behind. 


Sihape of tie Iktesrfsrenee 

255. To find the form of oirve as seen by an eye at E. Let 
T be the d^ance betweai the surfaces at E', the projection 
of E (Fig. 276). 
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Draw PR and RS parallel to ce and ef respectively, where S is 
the intersection of EE' with a plane through P parallel to cdef. 
Let EK = s; SE = D; tan</> = >^. It is required to find the locus 
of P. 


Let the coordinates of P be .r and_y referred to an origin at S. 
Then tan /= jjt/D, tan ^=//D. 

Then, as before, A =2 ^ ^ 

I +tan2z + tan2 6 

DT+sj^,x 

or = (4i‘2>&2 - ^^)x^+STsJtDx+ (4T2 - A^) D^. 


The curve will be a hyperbola, parabola, or ellipse according as 
2sk is greater than, equal to, or less than A. 

If i^ = o, this is a circle; if A = o it is a straight line on the 
surface of the mirror (as will be = o). 

The focal plane varies rapidly with /, and it is in general 
impossible to see all parts of the fringes in focus at once; but 
when the surfaces are parallel and P = 00 they are all distinct, and 
are circles of which the centre is the foot of' the normal from the 
objective of the telescope upon the surface. 

The angular semi-diameter of the circle is given by 



For let MM' be the two surfaces, and A' be the image in M' of a point 
A on M. Then A and A' are the origins of two parallel rays AT and 

A'T' which produce the interference. 
Let AT make an angle S with the 
axis AN of the telescope. 

Then the difference of phase 
A=A'B=2 /cos5 
— 2t—n'k (say). 

Thus, approximately, nk — — , 2 /, 
or the semi-diameter of the ring, 




Fig. 277. 



CHAPTER XV 

FURTHER EXPERIMENTS ON DIFFRACTION 
The Strai^t Ed^e* 

2 56.. Apparatus . — The experiments are best performed with the 
optical bench already described. The straight edge must be 
mounted in the stand which carried the bi-prism, in about the 
same position as the bi-prism. A slit and an eye-piece will be 
wanted, in the same stands as before. A good light is essential. 

Experiment . — The only adjustment is the parallelism of the slit 
and edge. This can be secured by removing the eye-piece, and 
observing that the slit is cut off at the same instant all ateng its 
length by a movement of the eye as directed for the bi-prism 
(page 259). On inserting the eye-piece the fringes will be 
visible. The final adjustment must then be made with the 
tangent screw, and the width of the slit set to produce the clearest 
fringes. They should be examined in white light and their 
appearance sketched. 

Place the slit on the first, second, third, ... dark bands and 
take the readings. This will approximately be the distance of 
the successive dark bands from the edge of the geometrical 
shadow^ If be the distance of the nth dark band, 

ai^^ximately. (Preston’s lAgkt^ p. 2 1 5.) 

Thi^ X 
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Enter the readings in a table thus : 


No. of Band. ! 

Reading. 

1 Bistance from M 
==PM. 

<PM)2. 

1 (PM)2 

i ■ 



1 

1 

1 



The numbers in the last column should be constant. If they 
gradually increase or gradually decrease, it will be because the 

position of M has not 
been properly found- 
For this reason it is 
advisable to determine 
this position several 
times and use the mean 
value. Th e mean of the 
last column must then 
be multiplied by 
a 

2d(a + dy 

Thi^'methodj of course does not give good values of A., chiefly 
because the diffraction bands are very indistinct, and it is very 
difficult to say exactly when the cross- 
wire is upon one, partly because they 
are not numerous, fading away very 
rapidly, and partly because of the 
uncertainty of the position of M, and 
lastly because the theory is not quite 
accurate. 

Double Edge Method. 

257. Jj^ara/us.— The optical bench ^„._Doubie Edge, 

with the usual slit and micrometer eye- 
piece ; a double straight edge (Fig. 279); sodium flame; velveteen; 
millimetre scale ; a reading microscope. 

The double straight edge has one edge, which may be clamped 
at any distance required from the other edge, and roughly parallel 




Fig. 278. 
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to it The second edge can then be adjusted accurately parallel 
to the first by a fine screw. 

The accurate theory^ of the straight edge involves the use of 
the integral calculus. The results lead to FresneFs integrals. 
The theory is given in Jamin’s Cours de Physique (vol. iii. part 3, 
p. 366). It is there shown that the distance of the successive 
dark bands from the edge of the geometrical shadow are given 
by the formula 

where is to be given in succession, the values in the following 
table 'J Ai = 1.8726. 

^2 = 2-7392. 

Ag = 3-39 13- 
A4 = 3*9372. 

The determination of the true position o^ the edge of the 
geometrical shadow is avoided by using two straight edges, and 
thus obtaining two sets of diffraction fringes. 


A5== 4.4160. 
Ag- 4*8479. 
Ay = 5*2442. 


4 ' 


2a ’ 





If O be the soufoe and A and B two straight edges, the 

gec^g^trical $l^adow will eod at C and The distance CD can he 

iFor porpeses of ooisapaiison. tbo <3or«i:^>osadl^ vaknes according to the eJe- 
helow. They ape aH t®© laige. 

A,=?ss 2^/535 4.47. 

A*=2 At ”2 v' 7 = 5 *® 9 . 

At=2V'4=4. 

It will be found that A„= V8« - i gives very nearly correct value. 

C.L. ^ Y 
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found by similar triangles if the width AB is known. Then if P, P 
are a pair of dark bands, CP or DP' is the X„ of our formula. It is 
obvious that PP' = CD-2X„. 


The apparatus is set up on the optical bench as before, O being 
*the slit, and AB a screen wnth an aperture bounded by two 
straight edges about 5 mm. apart. OA is about 5^ cms., and 
AC anything from 2 cms. upwards. 

The edges of the aperture in the screen AB must be very 
accurately parallel to one another,^ and to the slit O. 

Take the readings of corresponding fringes. The readings 
must be taken in one direction only, and may be entered in 
columns. 


Number of Fringe. 

I Reading. j 

Difference 

CD. 

CD-PF*2X„. 


^ Left. 

Right. 

= PF. 

An 




i 



I 


As the readings are to be taken in one direction, the entries in 
the second column will be made from top to bottom, and in the 
third column from bottom to top. Subtracting the second column 
from the third gives the distance PP'. In the next column enter 
the distance CD, calculated from the distance AB (which must 
be measured directly by the reading microscope), and the distances 
OA and OC. Calling AB, d, obviously 


a>.d‘§^-d 


a 


^subtracting PP' from CD gives 2X„ as already described. 

The last column should be a constant, being the root of 

2a ' ' 

1 This apeit^ire can be made by two pieces of '* Printer’s Rule/’ mounted parallel 
to on ‘ anotbd^ upon a piece of brass or wood, in which a half-inch bole has been 
cut. The distance apart can be adjusted by inserting at the top and bottom two 
short bits of the narrow wire u.sed for expeiiment § a5$. If the straight edges are 
pressed as nearly together as these will allow, it will ensure their being parallel aS 
wdl as the right distance for the experiment. 



FURTHER EXPERIMENTS OX DIFFRACTION 


339 


From this, if a and b are kno^Ti,. A can be calculated. For, calling 
the mean value of the last column M, 




2a 


' b{a + b) 

If preferred, the value of the wave-length may be assumed, and 
the last column calculated, and then by dividing it into X* 
(determined experimentally), the series of numbers A„ can be 
found, and compared with those given in the table above. 


The Narrow Wire. 

258. Apparatus . — ^The optical bench as before with slit and eye- 
piece. The narrow wire can be cut from a piece of Stubbs silver 
steel about 1-2 mm. diameter. It must be perfectly straight, and 
it is necessary to be fine in order to obtain the interference bands 
(the central part of a sewing needle will do). A hole about half 
an inch in diameter can be cut in a piece of brass or wood and the 
wire mounted across it It must be set parallel to the slit. A 
sodium flame, screw gauge, millimetre scale and velvet are required. 

Experiment , — If the wire is not very fine it will have to be 
placed at some distance from the slit, and the eye-piece still 
further beyond it in order to see the fringes, but a fine wire such 
as that suggested above may be placed at about the petition 
which was occupied by the bi-prism. The slit and wire must be 
arranged vertical and parallel to one another; the diffraction 
bands will be easily seen. A fine slit and a slight adjustment of 
the tangent screw will enable the less luminous interference bands 
to be seen in the dark space betweai the two sets of diffraction 
bands. 

Measure the diameter c of the wire with a screw ^uge, its 
distance d from the cross-wire, and x the width of the fringes, 
then X is given by the equation : 



as in tte experiments already described ; for the 

e<^s of tte wire act as twio interfering sources of light, and take 
the fiadejjcf tte two images of the slit formed by the bi-prism. 
It is imp^sl^ie, however, as a rule, to obtain sufficiently bright 
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fringes for their width to be determined. Better readings for k 
by the diffraction fringes may be obtained with this narrow wire 

than was possible with 
the single straight edge. 
The calculations are simi- 
lar to those for the double 
edge, § 257 above ; for if 
C and D are the edges 
of the geometrical shadow 
of AB, 

AB a ’ 

and as AB may be deter- 
mined with a screw gauge, 
CD is easily found. 

If PjPgPsP,. and PjPsPsP* are the dark bands on each side, the 
distance apart of these, less CD, will give double the distances 
CPi, CPg-.. CP«. The readings should be entered in columns 
as before, p. 338. 

Circular Aperture. 

' 259. Apparatus . — An arc light if available and a good sodium 
Same will be wanted. With a powerful light diffraction fringes 
will appear everywhere (especially round specks of dust on the 
lenses of the eye-piece) ; with a poor light they may be quite 
invisible- The slit must be replaced by a small pin-hole, and it 
is important that this pin-hole should be well formed. A hole 
made in a piece of tin foil with a needle is not sufficiently 
circular. It must be drilled in a piece of very thin brass or zinc 
with a watchmaker’s drill. ^ The circular aperture also needs to 
have a very small drilled hole. Several of these should be 
provided of diameters ranging from to edges of 

the hole must be perfectly clean. 

The aperture should be placed at some distance from the small 
pin-hole that replaces the slit, and at first the eye-piece must be 
close to the aperture. The Same must be in good condition and 

1 The iised by Jewellers for wire^rwwin§ have a gradiiated series of pin* 

holes that can be used for dififeaerion eyperinaents^ and afe quite inexpensive. I 
have found a drilled sa|^hlre best of all They can be obtained from Wood, 
S^eet, Clerheqw^, for abotii ^ ^ech. ^ 
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the apparatus must be well covered in. If possible the experi- 
ment should be set up in a dark room. Having removed the 
eye-piece, see that the two apertures are as nearly as possible in a 
line with the centre of the eye-piece tube. Replace the eye-piece 
and a small circle of light will be perceived surrounded both 
within and without with fringes, if the apertures are sufficiently 
cleanly cut, upon which the distinctness of the rings will entirely 
depend. On gradually withdrawing the eye-piece the rings will 
appear to open out from the centre, and the central spot will be 
alternately dark and bright If the sodium flame is replaced by 
a bright white light, the rings will be brilliantly coloured, and as 
the eye-piece is withdrawn to a greater distance from the aperture, 
they also will open out As the centre will become dark for the 
different wave-lengths in turn, the colour of the centre will change 
from one hue to another, the colours it assumes being similar to 
Newton’s “ colours of thin plates.” 

260. Apprtmmate Theofrj. Let O be the source of light and Q the 
position of the focal plane of the eye-piece at any moment. Then if 


dia&Bce OB+BQ greater than the <SslaiH:e OMQ by less than 

Q will be all in one phase and 
' "If be^b^twe^ -a feSf wave-kngth and 

Si ' -and if it is 

Q oonrist q£ 

pm w& by ^ half wave^ 
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If OM, QM and PM are a, b and r respectively, 

OP+ PQ - - ('^+ 

= ^+- 

2a~^2b' ^ 

If r« be the radius of the zone for which this distance is n-. 


A 2 ab . 

thus is proportional to n. By giving" « the values i, 2, 3> 4> 
succession, we shall obtain a series of zones such that the light arriving 
at Q from one zone will be half a wave-length ahead of that from the 
next zone, and the areas of the zones will all be equal. Hence, if we 
neglect the obliquity, the light from these zones which arrives at Q 
will destroy one another in pairs, and Q will be bright or dark, 
according as there is an odd or even number of such zones. Thus 
the centre Q will be bright for values of b given by the odd value of n 


in 


b^ 


ad^ 
nak — 


d being the radius of the aperture- 


(^aqne Disc. 

261. j 4 fiparafus,~The slit must be replaced by a small circular 
hole, as in the last experiment The disc itself must be mounted 
upon a piece of worked glass (or good patent plate, or a 
“ W ” spectacle lens). It is absolutely necessary that the edge of 
the disc should be perfectly circular. The best discs are small 
bicycle balls, one of which about in diameter may be mounted 
on the glass with a 'little electrical wax, or shellac, or sealing 
wax. (If desired, a fiat may be made upon it with a grindstone 
to b® taken that the mountant does 

noTsm’ear the glass, or project beyond the ball The fringes are 
viewed by a low-power eye-piece, held on a suitable support. 

Theory shows that at any ppint on the axis there should be 
brightness, which at a distance becomes nearly equal to that at 
the same point when the disc is removed ; for the light which 
reaches that point from the whole circumference of the disc will 
be in the same phase, and will therefore produce brightness. In 
^t the wave from O may be divided into half-period elements, 
[commencing at the edge of the disc (as in the ordinary Huygens's 
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zones for a spherical wave), and the arginnent is similar to^ that 
which shows that the light should travel in straight lines. If the 
glass is good, the bright centre can be seen with quite large Imlis. 
It is less bright when the viewing eye-piece is on!}' a short distance 
behind the ball. Stokes says he has produced the white centre 
with a disc the size of a sovereign. In order to see the bright 



Fig. 283. 


spot injhe centre of the shadow of a large disc, it is best to put 
the disc (say a bicycle ball) at about six feet from the aperture, 
and the eye-piece another four to six feet beyond, when, if the 
light is good and all other light is cut off, the effect is easily 
produced. An arc light shows it up splendidly. All diffraction 
experiments are much more striking with an arc light or a lime 
light. 

The appearance with white light should be sketched, particular 
attention being paid to the centre and to the edge of the shadow. 
If the I" ball is supported on the top of a wire or rod, beautiful 
fringes will be seen running from the centre of the shadow of the 
ball to the junction of the sfeadow oF Tbe rod and ball. 


The Zone Plate, Huygens’s Zones. 

262. The light which arrives at Q from a bright point O may be 
looked upon as the effect of the interference of alternate Huygens’s 
zones, which nearly destroy one another in pairs. It follows that 
if we could remove the alternate zones, the light at Q ought to be 
very much stronger. This can be done by what is known as a 
“zone plate.’’ As shown above, in considering the circular 
aperture, § 260, the areas of the zones should be equal, and the 
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sc|iiares of their radii be proportional to the natural numbers i, 2,, 
3, 4. Professor Wood in the Phil. Mag. published a reduced 
photograph of a very carefully, executed series of alternately black 
and white zones whose radii followed this law, and described a 
method by which reduced copies might be produced. He pointed 
out that an ordinary photograph of this would be neither perfectly 



Fig. 280. — Huygens’s Zones. 


black nor perfectly transparent in the alternate zones. He 
therefore coated a glass plate first with silver, and then with 
bichromated gelatine. By exposing this under a micro-negative, 
and then washing the unexposed parts with warm water (as in 
the carbon” process), he obtained a plate in which the silver 
was alternately protected by a gelatine film and exposed. Dipping 
this in nitric acid removed the silver from the exposed parts, and 
left a plate which was alternately opaque and transparent. With 
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such a plate he obtained very much more brilliant results than 
usuaL^ 

263. Experiment — To observe the images produced by the zone 
plate, a suitable object is the incandescent filament of an electric 
glow lamp, fixed at, say, two metres from the zone plate. Hold a 
piece of white paper on the other side of the plate \ withdraw the 
paper gradually, and presently an image of the bright filament will 
be formed. Withdrawing it still further, a succession of these 
images will be observed if the optical bench is long enough, the 
largest and most distant of these is the one for which each zone 
on the plate corresponds to one Huygens’s zone. As in the case 
of a convex lens, it will be seen that this image is always inverted, 
and that its size is to that of the object, as its distance from the 
zone plate is to the distance of the object In fact, the zone plate 
behaves as a lens, and if is the radius of the ;^th zone, the 
conjugate foci are given by 

I I 
V u 
r ^ 

its focal length is therefore — . 

nk 


This may be termed its principal focal length, call it / It varies 
rapidly with the colour. 

There are a series of other focal lengths equal to 
/ ^ / etc 

3’ 5’ 7’ ’ 

but the images cotrespoii^SS.^ these are not so bright. ^ A zone 
plate behaves equally well as a cdncaveT^^]^TToHne]^ are 
necessarily the same, namely, 

JUl. ” etc 
nk^ 3«A’ 


Phase Eeversal Zone Plate. 

264. Professor Wood pointed out in the article referred to, that if 
the alternate zones, instead of being cut out, could be delayed half 

1 Tbese <ssi$x be fmm & Co., oC H-eet from ss. 

upwards. , . . r 
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a wave, the light from them would arrive at P in the same phase 
as that from the other zones, and the amplitude at P w^ould thus 
be twice as great as with a zone plate consisting of opaque and 
transparent zones. The intensity would therefore be four times 
as great Such a zone plate can be made apparently with even 
less trouble than the silver one previously described. ^ A gl^s 
plate is coated with a thin coat of gelatine, and sensitised with 
bi-chromate of potash. It is then printed from a zone plate 
negative and washed (as in the carbon process of photography), 
and thus the alternate rings are left with a thin layer of gelatine. 
Out of several plates so formed, some "would be found to give a 
very good effect, — no doubt because the layer of gelatine happens 
to be of the right thickness. The focal length of such a plate 
depends upon the size of its rings, that is, upon the extent to 
which the photographic copy was reduced. The smaller the copy, 
the shorter its focal length. By making one fairly large copy, 
having therefore a long focal length, and a very small copy with a 
short focal length, Wood was able to use the former as objective 
and the latter as the eye-piece of a telescope. He found that the 
eye-piece when at a distance equal to the sum of their focal 
lengths worked as a convex lens, and the telescope was equivalent 
to the astronomical telescope, but that when the plates were at a 
distance apart equal to the difference ot their focal lengths, the 
eye-piece behaved as a concave lens, and the arrangement was 
equivalent to an opera-glass, producing an erect image of a distant 
object On slowly altering the distance between the two plates, a 
succession of im ^es , some erect ^njL&cajae-inveTted, was produced. 
It is easy to Se "from a figure that, with parallel light, a zone plate 
may act either as a convex or concave lens, and it may be experi- 
mentally tested. 

265. Tixe Wave-lengtli with Zone Plate. — Determine as many as 
possible of the focal lengths of the zone plate, using it as a 
convex lens. 

A monochromatic light is essential, as the focal length for any 
colour varies inversely as the wave-length, and therefore changes 
extremely rapidly with a change of colour. 

This is most easily done by the mirror method, the zones being 
placed close against the surface of a front silvered fiirror, if the 
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images formed by the zone plate can be made sufficiently brilliant 
to be seen upon the screen. If not, it must be found by the 
ordinary conjugate focus method, an eye-piece being substituted 
for the screen, the focal-plane of the eye-piece being determined 
with the assistance of a lens. Then, if u and v are the distances 
from the zone plate to the object and image respectively, the focal 
length is given by i i__ 

Find the diameters of the rings with a reading microscope. 
Start the readings from about the twelfth ring on one side and 
read across the centre to the same ring on the other side. It will 
be sufficient if the readings are taken for the five outside rings 
only. Enter the readings thus : 


No. of Ring. 

Reading. 

Difference 

=d. 

Left. 1 Right. 

8 

' 


^ i 



10 1 

1 1 

1 


II 

1 


12 

1 

I 



ADDITIONAL EXERCISES. 

1. Mount two straight steel wires, each about i mm. diameter, 
crossing one another at an angle of lo® over an aperture in a piece of 
wood. Fill up the obtuse angles with cards, and examip^j-ihe fiinges 
produced by the acute an§ies.'^“Tr3ranrd“ffidrme’asy^ and com- 
pare their positions with the distance apart of the points of the V*. 

slhdi balls touching one another on a sheet of 
plate-glass and examine the fringes ; or suspend theih from the pole- 
of a magnet, one below the other. 

3. Set up a parallel slit, as in 1 257, and examine the fringes, as the 
width of the slit is variei Explain the results by ‘^Comu^s spiral” 
(Preston’s Ug'A/y p. 280 of the third edition, and p. 225). That is, 
draw a spiral cut a piece of cottoh to represent the width of the 
apertur^ p^ce k on the spiral, m^ng it He on the line. The fine 
joining its ends is the resultant amplitude. 
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RESOLVING POWER OF OPTICAL INSTRUMENTS 

Definition . — By the resolving power of an instrument is under- 
stood the minimum distance by which two points or lines must 
be separated in order that they may be seen and recognised as 
hvo. 


Resolving Power of a Telescope, Determination of the Wave- 
length of Light from the Resolving Power. 

266. drcalar — Apparatus . — A simple telescope (e.g. the 

one in the spectrometer) ; some fine wire gauze ; a reading micro- 
scope, or screw gauge ; a metre scale ; iris diaphragm, or some 
card or thin metal onesj a good monochromatic light (e.g. a 
sodium flame) ; a piece of ground glass. 

Place a piece of fine wire gauze in front of the flame at the far 
end of the fdom. - Point the.. telescope at it and focus the gauze. 



Cut a serfes of circxikr diaphragms out of black card, and, 
placing them one by one over the objective of the telescope, 
determine the size of the smallest one which enables the wires 
upon the gauze to be separated dislinetly. 
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If an iris diaphragm can be obtained and mounted in front of 
the objective, the right size may of course be found much more 
easily. 

Airy (^Camb, PkiL Tram. 1834) showed that the angular radius 
of the disc, which a telescope gives as the image of a bright point, 
is given by X 


61= 1-2917 . 


2R’ 


where 2R is the radius of the clear aperture of the lens (see 

§ 2^4)- 

Thus each bright point of flame seen through the wire gauze 
will produce a disc of this size, and if the diameter of the iris 
diaphragm be adjusted until the dark line which corresponds to 
the image of a wire is on the point of vanishing, B will then be 
the angle subtended by the diameter of a wire of the grating. 

Find the radius R, and, by measuring the thickness of the wire 
either with a screw gauge or a reading microscope, the wave- 
length can be calculated by means of this formula, 

267. Rectaiigiilair Aportur©. — j^pparatus. — As above, except the 
iris diaphragm. In place of the iris an adjustable rectangular dia- 
phragm is required. This be 

easily constructed out of a piece of 
thin zinc (about No. 24 b.w,g) or even 
from very stout “ tin-foil ” (i.e. thin 
sheet, lead). Cut out a rectangular 
aperture a^ut square in a sheet, 
say 4" by 2^ Turn down about a 
quarter of an inch at the top and at 
the bottom (Fig, 286).^ Now cut two 
pieces each about wide with straight 
edges and insert them under the turn- 
down edges. By sliding them in and 
out the width of the opening can be 
adjusted at pleasure. 

Point the telescope at the distant 
■^te gauze as before, one set of wires of the latter being 
verticaL Hold the adjustable ^t in a Bunsen clip in front 
of the telesoc^. On narrowing the slit the vertical wires will 
disappear 
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If the width of the aperature is sR, ^ = ^ 

line between two bright lines at a distance apart c, of which 
the distance from the telescope objective is d, w’hich is o*8 of the 
brightness of the lines themselves, and this appears to be the 
intensity vrhich just enables the two bright lines to be seen as 

two, g 

If the width be 3R, the dark line is of the intensity of the 

bright lines. 

If 4R it is quite dark. 

So that, if the aperture be rectangular and of such a width that 
the dark lines between two bright lines or dots can just be seen, 

the formula vrill be an approximate value of the wave- 

1 t 2R 

length. 

B is the angle subtended at the objective by the dark space 
separating the two bright lines. 

The Eesolvio^ Power of a Microscope will be found in § 284. 

Basolvinir Power of the Bye. 

268. The resolving power of the eye is the ratio of the distance 
apart of two neighbouring bright points to their common distance 
from the eye, when these points can only just be recognised as 
two. In other words, it is the circular measure of the angle 
subtended by two points which can just be resolved by the 
naked eye. 

Note. — As the image of a distant object formed by an ordinary 
spectacle lens subtends exactly the same angle at the lens as the 
object itself, the angles subtended at the front nodal points of the 
eye by this image and the object will be approximately equal. 
Therefore a short-sighted person may use glasses in performing the 
following experiment without materially affecting the result. 

Apparatus . — A convex mirror about ^ inch radius of curvature 
{e.g. a spherical bulb of one inch diameter, filled with mercury), on 
stand ; a screen with two holes each inch diameter, of which 
the distance apart can be varied,^ made as described below; an 
incandescent gas flame ; a metre scale ; a large screen to cut off 
the direct light of the flame from the eye ; a pair of dividers. 
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Take a sheet of thin zinc about 6 inches square. Drill a 
inch hole in its centre. Cut a slot about half an inch wide 
and tw^o inches long, beginning a quarter 
of an inch from the hole. A quarter of 
an inch from the end of a strip of zinc 
four inches long and one inch wide drill 
a hole inch diameter. Solder two 
bent strips of zinc to the large piece, so 
that the smaller piece may slide easily 
through them, with its hole over the 
slot. A bent card can be attached at 
one end of the large plate and at the 
other end to the moving strip, as shown 
in the figure, to cut off the light which 
comes through the slot, w^hen the holes 
are more* than half an inch apart. Finally the plate must be 
mounted on a block or in a retort stand at such a height that the 
holes are in front of the frame. 

Set up the mercury bulb at about three feet from the plate 
with the two holes. Let the latter face the bulb, and adjust the 
flame behind it so that light from each hole may fall upon the 
bulb. An eye by the side of the zinc plate wdll see the images 




Fig. 288.->~Resolving Power of Eye. 


of the holes in the mirror. Interpose the large screen to shade 
the eye from the flame. Now vary the distance apart of the 
holes. When about two inches apart (the light that would escape 
from the end of the slot being cut off in some way) very 
small bright points should be visible on the mirror. These 
images will approach one another as the holes are brought nearer 
together (by pushing in the sliding piece of zinc), and presently it 
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will become impossible to tell whether the image consists dL two 
or only one bright point The distance apart at which the points 
can just be recognised as two can be found with more accuracy 
than would perhaps be expected. Several independent readings 
should be taken — the distance a from the edge of one hole to 
the corresponding edge of the other (which, of course, is also the 
distance between their centres) being measured each time with 
the dividers, or of course the sliding piece may be graduated 
so that the reading gives the distance apart of the holes. The 
radius of the bulb /*, the distance from the surface of the 
bulb to the zinc plate and the distance from the eye d will 
also be wa.nted. 

Then if ^ is the distance between the images of the holes, 

and the resolving power of the eye is given by 

h ar 
^ d^ d{2U + r)' 

The experiment may be repeated, using vertical slits instead of 
pin-holes. 

Resolving Power of a Grating. 

269. Definition , — The resolving power of a spectrometer 
(whether^ a prism or a grating is used to produce the dispersion) 
is defined to be the inverse ratio of the difference of the wave- 
lengths of two lines that can just be resolved {i.e. seen as two) to 
their wave-length. 

Apparatus, — Diffraction grating, and spectrometer; scale; 
sodium flame; the adjustable slit described in § 267, 


Theory,— i:h^ deviation produced by a. grating is given by 


sin 6 =^ 


m\ 


where m is the order of the spectrum and a and b the widths of the 
space and rulings respectively. From a neighbouring wave-length 
X+SA, the increase of deviation W is given by 
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If the aperture of the telescope be supposed rectangular and of the 
width 2R, the number of lines visible through that aperture is 
obviously, Jfrom Fig. 389, given by 

2R=^ . (^ \b) cos 6 . (ii) 

Using Airy’s formula for the resolution, the 
two lines will be just separated when 

5 ^=^ (see page 369). 


Multiplying by cosd we get 
A 


2R 


cos 6 —B 9 .COS 6 


cos 6 . SA 


2R 

or for the resolving power^ we have 


(by (i)) 

(by (H)) ; 



P=8X=^”- 


.(iii) 


Experiment , — Adjust the grating^ as described on page 250 
to view the sodium lines ; (it is necessary to use a powerful light). 

See that the collimator slit is as fine as it can be made, and 
that the lines are in thoroughly good focus. Then place the 
adjustable slit over the objective of the telescope, adjust it until 
the lines can no longer be seen as two, and measure the width of 
the opening 2R. 

From this, knowing the number of lines to the centimetre on 
the grafeg, and the angle which the telescope makes with the 
normal to the grating % it is easy to calculate the number of 
lines visible through the rectangular aperture now left. 

Thus from (iii) we can find assuming we know A. SA 
ought to be the difference between the wave-lengths of thp 

sodium lines, Le, *00005^96- *00005890. Thus A should be 
about 980. 

j^weor oi a TnmsJ 

' ' "i 

270. ; pmmi ; card, stamp paper and 

fqale., I 

coarse gr^ti^g is best. « Rayleigh, Pbii, Mng,^ iS^. 
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The refractive index of a prism is given by 

sinK^+-^) 

sin^A 

For a neighbouring wave-length fi-hSps, we obtain 
, cosi(^4-A) BO 
sin^A 2' 

In Fig. 290, if PQRS be a ray passing symmetrically through the 

prism ABC, the angle OQR is 6 , and therefore if AN is parallel to 

PQ and BN perpendicular 
to AN, the angle ABN is 
ae+A), 

Therefore 
^ cosi(^-hA) 86 
sin^A 2 
_BN S6 
BM' 2 

=5^.80. 

where 2R is the aperture 
BN of the beam and / is the length of the base BC of the prism. 

If there is a scries of prisms, the formula is still true, if / is put for 
the total thickness of the glass traversed at the base ends of the prisms, 





.(i) 


For resolution we have as before, 
86 ^ 

Therefore from (i) for resolution, 


If we assume Cauchy’s formula, 


2R' 

'5ft' 


.(ii) 


fi=A'fp, 
0/X= — 2B^, 


and we get from (ii), 




A.* 


'aBSA' 

In this formula the constant B will have to be found for the pari^^ ' 
cular glass used in. the prism. 

’ ^ , 'I 
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For Chancels extra dense flint glass, Rayleigh gives the following 
figures for the two sodium lines : 

/<rf=i-650388 =A+^, 

g 

= 1*644866 
fXd - flc — *005522, 

= 5*889. 10-5 
= 6*562 . 10-5 . 

from this, B = *984 . 10-^® ; 

substituting, ^=^:^68^’’ 

for the sodium line 8A=*oo6 . lo”* ; 


therefore 


/= 1*02 cms. 


Thus, for this glass, if the face of the prism be smaller than the 
objective of the telescope, and if a card is slid along the prism from 
the base end, gradually diminishing the width of the beam of light 
which it transmits to the telescope, when the sodium lines cease to be 
resolved, the base of the prism that is left should be found to be 
1*02 cms. 

Comparing a grating with a prism, for equal resolving powers if must 
equal : putting this into figures as in the above case, / becomes 

^ grating of only 3000 lines, if we substitute 72=3000 

and 772=4 in the above expression, we get cms. Showing that 

to produce a resolution equal to that of the spectrum of the fourth 
order, given by a grating having only 3000 lines on its visible surfeice, 
a battery of prisms would be required, having a total length of base of 
12 J cms. 


271. Experiment — Adjust the prism on the spectrometer table 
as usual, arid set the instrument to minimum deviation. If the 
face of the prism is smaller than the telescope objective, so that 
the beam is limited by the prism, and enters the telescope as. a 
re<^ngukrrone, it will be sufficient^ shde a card along the prism 
ftoil end, and reduce the ap^ure until the soffiipn lines 

cailjiisl not be seep to be dpubib. If die prism is too large, slips 
of stamp, p^>er can he attached to its face so to leave a horizon^ 
slip about half ah inch broad, and on a level with the middle of 
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the objective. Place the prism so that the edge is within the 
field of view of the telescope, and slide the card along as above 
directed. Measure the length of the base of the prism left. This 
gives the value of /. Or, better, a slit similar to that described 
in § 267 be used- In this case, the slit may be placed any- 
where within the beam of light, and knowing the angle of the 
prism, the width of base that should correspond can be calculated. 
Determine the B in Cauchy’s formula (as in § 99). 

Substitute /\= 5-889 . io“^ 

8A=-oo6 . io“®, 

and this value of B in the formula 

, ^ 

2B . 5A’ 

and see if the value of / so found agrees with the one found 
directly. 

The Echelon C^ratiIlg. 

272. In the American Journal of Science^ in 1897, Michelson 
described an echelon grating by which dispersion of a very high 
order was produced. 

The grating is made of a pile of glass plates of exactly equal 
thickness mounted on one another like a flight of steps. It is 
placed in the spectrometer so that the light from the 'collimator 
enters what would correspond to the base of the steps, and emerges 
normally from what would be the upper surface of each step. 
In addition to the light issuing from the steps normally, the . light 
will be diffracted from the steps with a large difference of phase. 
Thus, diffracted spectra of a very high order are produced. Owing 
to the large difference of phase — perhaps amounting to ten 
thousand wave-lengths— the spectra will overlap throughout all 
their length, and a great numb^ of spectra would be visible at the 
same time ; it is necessary therefore that the light falling uix>n the 
grating should already be approximately monochromatic. This is 
usually attained by means of a second spectrometer furnished with 
an ordinary prism, the eye-piece of the telescope being removed 
and the light received upon the slit of the collimator supplying 
the echelon. 
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Theory . — Let m be the order of the spectrum (that is the number of 
wave-lengths in the difference of path of the light from the successive 
plates), and consider the rays, one diffracted after reaching the surface 
of the first, and the other after reaching the surface of the second step. 
The wave-front of the diffracted light will be cd^ and the difference of 
path nik given by 

— AC 

— /a/ -/. cos 6^4- sin 

where t is the thickness of a 
step and s the distance from 
A to B. 

Therefore 

diL 

d 6 ,_ 

dk t . sin ff+s . cos 

A 

d//i t . sin 6 +s . cos 
calling 5^1 the displacement Fig. 291. 

corresponding to a change 

SA in the wave-length, and 8^2 the change corresponding to Sm in 
the order of the spectrum (for consecutive spectra Sm — i) 

If we assume Cauchy’s formula, 

and take as a first approximation 

7/Z=(/A-l).| 

we have + ^ • y 

if we make Bm= i. 

For most specimens of plate glass, the expression in the brackets is 
8 k 

nearly equal to I, so that if (which it would be for the two 

yellow sodium lines, for instance), and if /=5 mm. = iooooA, about, we 
should h^ve 8(9j=io.S02, 

that is to sky th^t the difference between two sodium lines as seen in 
this instrument would be ten times the distance from the sodium line 
in the spectrum of bfte ordfer to the corresponding line in the spectrum 
of the next of<ler. 
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If the grating is to be of any use, the optical thickness / of each 
of the pieces of glass must be very exactly the same; it should 
not vary by ^ of a wave-length. For this it is of course necessary 
that the steps should be cut all from one piece of glass; but 
it is further necessary that that piece of glass shall be of optically 
constant thickness within of a wave-length for the entire surface. 
This constancy is attained by examining the plate as described 
in § 241 and polishing the thicker parts down until correct. 

For this reason the cost of a grating is very high, and as the 
grating is only useful in very special research where the resolution 
of lines very close to one another is needed, very few laboratories 
are supplied with this instrument ; but in the JPhtL Mag, for 
June, 1901, Professor Wood describes the construction of a mica 
grating quite easily made, which is of course of no use as an 
optical instrument, but will demonstrate the method of using it. 

273, Wood's Mica Echelon Grataag. — The grating is made in a 
similar way to the Fox wedge described later on^ § 395, except 
that the thickness of mica used is greater and the mica is mounted 
dry without balsam. He used a thickness of about *05 mm. = /, 
and the width of the step, was *5 mm. As the grating must 
not be mounted in balsam, he was only able to use nine plates 
owing to their opacity. 

The steps were attached to one another with sealing wax at 
their edges, which was melted by a needle, and were placed in 
position by means of scratches made on a glass plate at the 
distances of -5 mm. with a dividing engine, the plates being put 
n position under the microscope. 

The grating was mounted on a piece of square cardboard under 
an opening 5 mm. wide and 2 cms. high, leaving an extra space 
of *5 mm. to serve as the grating space of zero retardation. The 
whole number of “lines ” was therefore 10. 

The retardation of the film was measured with an interferometer 
and found to be 50 sodium waves. 

The resolving power represented by the product of the number 
of lines (10) and the order of the spectrum, which was 50, would 
accordingly be 500. 

The sodium lines, which require at least 1000 for resolution, 
were beyond the power of the instrument, but the yellow mercury 
lines were easily resolved. 

The light from a mercury tube after passing through the collimator 
lens and prism was focussed on the collimator of a spectrometer, 
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the green line being brought on the slit Placing the echelon on 
the table of the instrument, the spectra showed clear and sharp. 

When first found, the central maxima appeared between the 
principal maxima owing to the small number of grating elements. 
By slightly shifting the position of the lens the yellow light from 
the tube was now focussed on the slit, when the maxima 
immediately doubled. The distance between the components 
was about ^ of the distance between the spectra. 

Usmg the formula above, ^ . y, 
where ^=-05 mm., ^ = 94, X = ^ mercury 

line, we get ^=-^ = i, approximately. 

CUq 2oO 3 

Probably much better results could be obtained with selenite, 
as it is much more transparent than mica, and could therefore be 
made with much thicker plates. 

274. Ltiin2iier*s Ecliciloii.— -In this instrument (Tig. 292) the light 
from, say, a mercury lamp, after passing through a collimator and 
one or more prisms to disperse it, is allowed to fall obliquely on a 
parallel plate of glass about 5 mm. thick, in which it is reflected to 
and fro. The surfaces are unsilvered. A portion of the light 
emerges at each reflection, and there several portions enter the 
telescope. As their difference of path is very large, the resolution 
obtained is of a very high order, even with a small number of 
elements. To enable the light to enter the plate a small prism is 
cemented on to it, as shown in the figure. The theory is veiy similar 
to the Michelson Echelon, and the plate has to be equally carefully 
worked, but on the other hand only one narrow strip is required. 

275. The Fahry and Perxot Apparatus, § 243, may be used as an 
instrument of the same type as the above, by inserting it after 
the second collimator of § 272 in place of the echelon, or the 
separation may be produced afterwards as in Fig. 293. The plates 
have, however, to be worked to a high degree of accuracy if it 
is to be used in this way ; they should be separated to a greater 
distance. This may be done by mounting them against the 
opposite ends of a short tube of fused quartz, of which the 
temperature coefficient of expansion is very small. 



CHAPTER XVIL 

THE COMPOUND MICROSCOPE 

276. The compound microscope may optically be supposed to 
consist of two independent systems of lenses, the objective and 
the eye-piece. The objective is arranged to produce a much 
enlarged image of the object at the upper end of the tube. The 
eye-piece is practically a magnifying lens used to view this. In 
other words, the eye-piece forms a virtual image of the image 
formed by the objective, and it is this virtual image that the eye 
of the observer looks at As the eye has a large range of distances 
at which objects can be clearly seen (in a normal eye from about 
six inches to infinity), the virtual image may be found anywhere 
within this range. But as the observer knows that the object at 
which he is looking is near him, he will, as a rule, unconsciously 
focus his eye for near objects when he looks through the 
microscope, and then focus the microscope (namely adjust the 
distance between the object and the objective) to see the image 
distinctly. The virtual image is then, of course, formed at the 
distance to which his eye has been accommodated. If, however, 
he will try to inmgine the image at a great distance (and so focus 
his eye for infinity) he can equally well adjust the distance of the 
objective from the object to obtain a clear image, which is then at 
infinity. T?te angular size of the image is almost the same in 
each case, so that obviously its linear dimensions must be very 
different; if the image is formed at infinity, its linear size is 
infinite. 

Magnifk^tjon. 

277. Etom what has, b^en said above, it is clear that the ratio 
of the linear size ^ image to that of the object is a number 
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that can be made as great as we please by merely adjusting 
the focus. We must therefore either consider the angular 
magnification (as in a telescope) or adopt some convention 
as to the distance at which the final — virtual— image is to be 
formed. It is agreed to assume the final image to be ten 
inches (or 250 mms. when using the metric system) from the eye, 
and then the magnification is the ratio of the linear size of this 
image to that of the object^ When a microscope is used to 
project a real image — whether on to a sensitive plate in photo- 
micrography or on to a screen with the lantern-microscope — 
there is no ambiguity in defining the magnification as the ratio of 
the linear size of the image to that of the object 

The experimental determination of the magnification depends 
upon the use of a screw — either used in a dividing engine to rule 
a scale or used to traverse the stage of the microscope itself. 

278. Scale metliod. — Apparatus , — A glass slip upon which a milli- 
metre is divided into tenths and hundredths ; the microscope of 
which the magnification is to be determined — a half-inch objective 
is a suitable power to practise upon; two white cards, which must 
be supported upon blocks so as to be in a plane normal to the 
axis of the microscope, and 25 cms. from its eye-piece. Each card 
is to have a single thick black line ruled across it ; lamp ; 
millimetre scale. 

Adjust the microscope and lamp; place the scale upon the 
stage and focus it. Put one of the cards at the right distance — 
25 cms, from the eye-piece— and to one side of the stage. Look 
through the microscope with one eye, and observe the card with 
the other. So place the card that the image of one of the rulings, 
seen with the other eye, appears to coincide with the line on the 
card seen with the other eye. Move the head slightly to and fro 
sideways, and see if the* image appears stationary on the card. 

1 Even if ihe magnification were to be expressed in terms of the angles subtended 
by the ob^t and image respectfully, a convention with respect to the distance of 
the object would have to be made. It would not do, for instance, to consider the 
object to be at its actual distance from the eye ; for the angle it subtends at the 
eye would then depend upon the length of the microscope tube ; it would be twice 
as great for a b*' tube as for a tube ; and thus, if the final image subtended the 
same angle in each case, the ‘'magnification” would be twice as great in the one 
case as in the other (an absurd result). 
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If the image moves relatively to the card with every movement 
of the head, it shows that it is not formed at the right distance, 
and the focus must be adjusted until the image and the card keep 
together. Then arrange the second card by the side of the first 
in such a position that the line upon it may coincide with another 
ruling of the image. Measure the distance apart of the lines on 
the cards, and knowing the actual distance apart of the rulings on 
the slip, the magnification is obtained. If difficulty is experienced 
owing to the variation in the convergence of the eyes during the 
experiment, it can be avoided by standing at the side of the 
microscope so that the image of the scale is vertical on the retina 
(or — if the stand of the micro- 
scope will allow it — turning the 
scale itself until its image is 
vertical). Or some form of 
“camera lucida” may be em- 
ployed so that the image and 
the cards are both seen by the one eye. 



279. The simplest form of camera lucida is a bit of I 

micro-cover glass attached above the eye-piece, as in I 

the figure, with a pellet of plasticene. This will j 

reflect an image of the card placed at a distance of j ^ 

ten inches, and cause it to appear superimposed upon H ; H 

the image seen through the microscope. As before, 
the focus must be adjusted until the im^es have no 2^. 

relative motion when the eye is moved slightly to and 
fro across the eye-lens. Either the divided scale or the tra- 
versing stage can be used, and the magnification found as above 
directed. It is necessary that the card should not be too 
brightly illuminated or it will not be possible to see the image 
through the tube properly. A black card with white lines, or 
simply a circular black card of known diameter, is preferable to 
a white one. 


When a camera lucida Is to be used to draw the object seen in 
a microscope it is best to look directly at the paper, and to 
observe the image -formed by the microscope in the prism or 
mirror, as the case may he; for it is very difficult to draw when 
the hand is seen in a mirrpr. But in the above case it is not 
required to draw, smd aanpler ariangement in the figure is 
sufficient . , 
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{Exercise . — Draw a curve giving the magnification produced by 
a given objective and eye-piece, at ail positions of the draw tube.) 

280. Definiiiofi , — The names entarance pupil and eidt pupil are 
given to the images in the initial and final media of the stop that 
limits the aperture of the system j e.g. in a photo-objective they 
will be the images of the diaphragm as seen from the back and 
front respectively ; in the microscope the entrance pupil is the 
image of the stop at the back of the objective that is formed by 
the objective \ the exit pupil is the image of the same stop that 
is formed by the eye-piece, usually called the “eye-ring”; it is 
where the eye should be placed 

28 1, A method of defining magnification has been suggested by 
Abbe, and may be called 

Definition. — The Abh^ Magnification. — It is the ratio of the 
tangent of the angle subtended by the image at the exit pupil to 
the linear size of the object 

==^=V(say). 

Definition . — The Angular Magnification. — This is defined to be 
the ratio of the tangents subtended at the exit and entrance pupils 
by the image and object respectively, 


y 



Fig. 295. 


Let 


AF=X BF'=X', 
PF=jtr QF'=j:', 
AP=e BQ=^'. 
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Then 

And 


Thus 

Also 


.r(.r+X) 
x{x-f) *-r(y + X0 


'^x{x-f) • XX'+-rX'" X^ 


tana" _ tan a X 
-j' ~~f 


X I I 

/(^+X)- /• ,£ 

‘■^X 


X 

7 ’ 


•(i) 


V® 



exit pupil and the image from the back focal point. 


If the system is to be orthoscopic for the points AB, then is to 
be constant for all values of a. ® 


Ai^erture. 

282. Hookin’s Proof of the “ sine law.” — Let Q and Q' be the images, 
supposed aplanatic, of the points P and P'. Let ARR' be the 


\ 



[p '■ 



1>"~ ' a'" 

N '<4-. 
Q 


396. , 


first suifiaoe, and BSS^ ^ Ifee kst Sutfiice of the t^mlrination, and 
let the '4t P Q be /a and respecdveiy. 

Draw apair af and F i^rallel to the axis, which after 
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passing the principal focus F will arrive at Q and Q , also a pair 
of parallel rays PR and P'R', inclined to the axis at an angle a, 
and these will pass through the corresponding focus F and also 
arrive at Q and Q' respectively. 

Draw PN, QN' at right angles to P'R' and Q'S' respectively. 

Then as SQ. and S'Q' are parallel in the limit whenjF andy are 
infinitely small, Q'QN is the angle o'. 

As Q and Q' are by hypothesis aplanatic images of P and P', 
the “optical paths” from P to Q must be equal to one another, 
and so also must those from P' to Q' be equal to one another. 

By “optical path” is to be understood the distances through the 
various media multiplied by the refractive indices of the media, 
for the light travels in any medium with a velocity inversely 
proportional to the refractive index of the medium. 

Thus 

the optical path (P'R'S'FQ') = optical path (P'A'B'FQ') = x (sayU 
„ „ (PRSFQ)= „ „ (PABFQ) = ^(say)./ 

But the optical path (P'A'B'F) = optical path (PABF),\ 
and (if QQ' is small) FQ = FQ'. J 

Thus X=^- 

Thus the optical path (PRSF Q) = (P'R'S'F'Q') = (P'R'S'FN'Q'). 

The left side of this equation = (N'P'R'S'F . FN'), since F is 
the focus of the wave PN. 

Thus the optical path (NF, FR'S'FN') = (FR'FF'N' . N'Q'). 

Subtracting the common part, 

The optical path (NP') - (N'Q^), 
t.e. /xNF-/N'Q', 

or sin a*= fify' sin a , 

fzsma 
ft! sin a' ~y' 

=^m (say). (iii) 

283. Definition , — Numerical Aperture or N.A. is defined to be the 
product of the refractive index of the medium on the object side 
of the system into the sine of the angular semi-aperture as seen 
from the object — fi sin 
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As /i' is generally i and a is small 

/ a 
a — 

m 

For we have just proved that 

p! sin a _ I 
ft sin a m 

If e is the semi-aperture of the exit-pupil of the 
objective, and / the distance from the exit-pupil to 

the image, o! = ~ from the figure, and /. <? = /.—, 
i m 

The same is true for the complete system if m be 
taken to be the final magnification. 

Besolving Power. 

284. Assume the system aplanatic for the two 
points P and Q. Then a wave starting from P after 
passing through the system emerges as a spherical 
wave of which A is the centre of curvature. Only 
a portion of the wave emerges from the system, namely a cap 
AB having an angular radius a' as seen from Q. A neighbouring 





point Q' :^edeive a airHxmt of light unless Q" k so 

^tuated of the cap AB mterferes 

wife * Thk tyffl occur for the first 
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time when Q^A — Q B is rather less than a wave-length.^ Up to 
a distance from Q such that Q' A — Q^B is about a half wave-length, 
the illumination of is almost as great as that of Q; thus even 
with an aplanatic system, the image of a point P will be a disc at 

Q of finite radius. 

Q'A- Q'B 


Q.dy* 


= 2y sin a.\ 


and will be dark when this is about *8 of a wave-length in the 
medium at Q. 

So that the radius of the disc 7 is y = sin a"* 


Thus, if j is the 
a disc of this size, 


radius of an object which should produce 

•SA. 

J' = — ^ 



1 It would be exactly a wave-length if the aperture of the lens were square ; for 
if the aperture be supposed to be divided into a large number of equal strips, 
parallel to a side of the square, the light frpm each strip in one half of the 
aperture would exactly neutralize that from the corresponding strip AiA^ in the 
other half of the aperture (Fig. 299), as it would arrive at Q' half a period ahead 
very approximately, since Q is the centre of curvature of the wave front, and there- 
fore the difference of path at O' will increase nearly uniformly from L to N. With 
a circular aperture the strips will be of unequal length, and one near the centre, 
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where a is the numerical aperture, 

since = 

y /X sma /X sma 

Thus two bright points on an object which are apart would 
give rise to discs each of radius j', which would just meet, 
surrounded by one or more rings, and if the illumination w^as 
constant up to th^edge of ^ 
these discs there would 

be no dark line between °° / \ 

the images of the bright / \ ' 

points, and they would ^ ' / \ 

appear as a short, bright 20 - / V 

line, instead of two separate J ^ ^ 

bright points. But the Q Q. Q 

•n r it- * Pig- — Point Source, Circular Aperture. 

illumination of the image 

of a falls off according to the curve shown where • 

QQ' 

2 /X sma 

Owing to the rapid fall of illumination the least distance apart 
at which separation is possible is less than this, and occurs very 
approximately when Q'A - Q'B is half wave-length. 

If Q is a point on a line of light, the curve (Fig. 302) is very 
similar. The least distance for which the two bright lines can be 
separated is, according to Rayleigh, when the first maximum of 


such as MiMj, will take mc«:e than <^e of those near the edge, such as NiNa, 
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the image of one line coincides with the first minimum of the 
other. The total illumination of the two lines is shown in 




Fig. 303. There is a drop betrv^een the two maxima to -8 of 
the maximum. 

The least distance apart of the lines is given by 


z^2y 


2a 


(iv) 


The reciprocal of this distance is the resolving patver of the 
system. The resolving power is therefore where A. is the wave- 
length of the light in air and a is the numerical aperture of the 
system. 

At this distance there will not be a black line between the 
images of the two points, but only a very slight decrease in 
brightness. As the distance apart is increased a darker interval 
will separate the images, and they can of course be still more 
easily seen as two. 

The resolving power depends therefore upon the n.a. of the 
objective, and not (as one would at first think) upon the focal 
length or power of the objective, of which it is now seen to be 
independent It can be increased by using light of short wave- 
length or by increasing the n.a. or both. 

285. DifEtaotloiL of a Ctratin^ in a Medioin of Refractiye Index Ulu- 
mlnated ijy 0l)li<ine Ligiit — Let the incident light make an angle ^ 
with the normal, and the diffracted angle a with the normal on the 
opposite side of it. 
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Then if AM is an incident and AN a diffracted wave, the 
difference of phase of the light from apertures of the grating z 
apart is 

MB + NB = zsm^ + z sin a. 

The first bright line is given 
by making this difference a 
wave-length in the medium or 

i of the wave-length in air. If 

the direct beam can just enter 
one edge C of the lens, and the 
diffracted beam just enter the 
other D, so that the lens can just embrace both, making jS = a 
and each equal the angular aperture of the system, we have 

X 

Z2 sm a = - , 

so that z — -- - — . — = — . 

2./tsma 2a. 

We have seen above that this is the least distance apart that 
bright points (or lines) may be in order that the lens system may 
just resolve them. Thus we arrive at the practical test for 
resolution. 

If a given lens cannot embrace at least the direct beam and one 
diffracted beam emitted by a grating illuminated by an oblique 
parallel beam of lights it cannot resolve that grating^ however it is 
illuminated! 

Since parallel light will be focussed by the objective at its back 
focal plane, these spectra will be formed there. They can be 
seen by removing the eye-piece and looking down the tube ; then 
if a ruled grating or other similar periodic structure is upon 
the stage, illuminated by the light from a distant lamp, or by 
the condenser with a slit below it, the spectra are easily seen in 
its posterior focal plane as little coloured bands in the disc of 
light at the back of the obj^tiv^ They are formed again 
>f course at the “eye^rii^^ but are too small to be easily seen, 
rhey may be by adding another eye*piece above the 

>rdinaiy ^e-piece. 
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If the incident light is normal to the plate^ the first diffraction 
spectrum will not be embraced by the lens unless s is twice this, 
X 

U€- S = -. 
a 

In this case (if the eye-piece is replaced) the grating also cannot 

be resolved unless z = ^; for the beams of light issuing from the 

grating spaces are no longer independent, but have a phase relation. 
Thus the effect in the image plane cannot be found by merely 
adding intensities, but the amplitudes of the images due to the 
individual spaces will have to be compounded as in ordinary 
interference phenomena. 

286, The Effect of Aperture on Defining Power. — The larger the 
number of diffracted rays admitted into the objective the greater 
is the similarity between the image and the object. 

(1) Perfect similarity depends on the admission to, and 
utilisation by, the optical combination of the whole of the 
diffracted rays which the structure is colnpetent to emit. 

(2) When a portion of the total diffraction fan is lost the image 
will be more or less incomplete and dissimilar to the object. 

The smaller the object the greater the width of the diffraction fan. 

The numerical aperture ft sin a measures the number of rays 
an objective can admit. 

The diffracted fan has a greater angle than 180'’ if the object 
is reduced in size to a small number of wave-lengths. Then 
either a very highly refractive medium, or a light of very short 
wave-length is necessary to reduce the angle. 

If in the case of a regular periodic structure the central 
maximum and the first diifracted band on one side are included, 
the distance apart of the striae (or the number per inch) will be 
correctly given; but the breadth of each single stria will not 
always be shown correctly. If only this one fan in addition to 
the central maximum is bcluded by the objective, the light and 
dark intervals will appear of equal breadths and gradually 
increasing and decreasing brightness. 

Note that ft sin a. measures the minuteness of structural details 
that can be separated by the objective, not the minuteness of 
details that can be seen^ 
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287. MeasuremeiLt of N-A. of a Itow-power Objective by 
the use of an Object ruled with Concentric Circles. — Let P 
and Q be the aplanatic foci of an ordinary micro- 
objective working in air. 

Then the numerical aperture is sin a, if a is the 
largest angular cone the objective can transmit, and 

Let the objective be racked up a distance 

PA so that the image of the object AA' is at BB'. 
If PA is some known amount — say i cm. — then a scale 
could be ruled, the divisions- upon which seen from 
P subtended angles APA', of which the sines were 
-I, -2, *3, — The aperture would obviously be the 
largest of these circles of whidi the im^ge w^ formed 
at B', which could be seen from Q when the eye- 
piece was rem,oved, or by the use of an additional > 
eye-piece above, the ordina^ one. To obtain accurate 
results in the case of low power objective (with 




pTA 

Fic. 306. 
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which the distance QB is small), a pinhole should be placed at 
Q, /.<?. at the focal plane of the eye-piece. Focus the micro- 
scope on the chart, rack it up the amount PA (i cm. suppose), 
remove the eye-piece, look through a pinhole at Q, and count 
the number of circles visible in the back of the 
S ^ ^ objective. 

b y 288. Geometrical Shape of the Object of which a Lens 

^ obeying the ^sine law” shall yield a Square as Image. 

— Let BB'S be a section of the image at B of Fig. 307, 

and AA'S' be a section of the object at A of Fig. 308. 

Fig. 307. bet S' be a point on the image, and S the correspond- 
ing point on the object. 

Let the lines SP and S'Q' make angles a and a! at P and Q respec- 
tively with the axis PQ. 

. AS . , BS'. 

Then sm <1=^ > sm a =g7Q » 

~ (since BS' is in the same plane as AS), 

V X 

and sin^ sin^a'. _ 

Let the coordinates of S be jr, y; and those of S' (which is to be a 
point on a straight line) be b, v. 

or 1^1 

or Fig. 308. 

which is the equation for the locus of S. In the case of the micro- 
scope, as a' is small, 

r?* nearly, 


and therefore is greater than w, unless a =90®. So these curves are 
hyperbolae. 

The equation may be written 
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As m is large, this is practically 

Um^a j ’ 

and if / is fixed (say i cm.), the equation represents a set of hyperbolae 
which will become straight lines when imaged by an objective, of 
which the principal focus is i cm. above the plane containing the 
hyperbolae. 

If x—o^ and^=AA'=^ (Fig. 308) 



Fig. 309. — Abb6*s Hyperbolae. 


Thus if t be taken as i cm., and a series of hyperbolae be 
drawn with sina = -i, -2, *3, eta, successively, these hyperbolae 
will be imaged as squares when the aplanatic focus of the 
objective is i cm. above the plane of the hyperbolae, and thus 
this position can be easily found. At the same time the number 
of these hyperbolae of which images are included by the aperture 
of the objective gives at once the n.a. (numerical aperture) of 
the objective. 

Fnither Notes on a System wMch obeys the 
^^Sine CkmdiMcm.” 

2S9. The Eqxdvalent RefeactiBg: aarfiu?e. — Let S, S', be the first and last 
surfaces of a lens system, and let Q be the image of P formed by 
the system, ttplahatic Let PS and S'Q be any entrant and 

emergent ray. 
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Produce PS and QS' to meet at R, and drop RM perpendicular to PQ. 



Fig. 310. 


Then 


/A sing QR /z QC 


fxsin a 


PR 


PC 


the locus of R is a circle of which the radius is 




where m is the linear magnification, d the exact distance from 
P to Q and /*' and jx the refractive indices of the media at Q and P 
respectively. 

Thus in any wide-angle optical system, which satisfies the sine- 

condition for a pair 
R of conjugate foci, the 

equivalent refracting 
surface for these foci 
is a part of a sphere.^ 

If R move so that 
the ratio PR : QR is 
constant, the locus of 
•R is a circle. 

For bisect PRQ by RC internally, and externally by RD. 

Then 

QR QC QD ^ QC ~ Qd ' 

pts. C-and D are fixed, and as CRD is a right angle, R is on a 
circle of which CD is the diameter. 

,R.CD-QC+QD-ji+j^ 



R«= 


d, n 


"I ? — 

p * 


ab 

” <2 — b' 


if R is 00 . 

1 Cheshire Joum, Querhill Club^ X904. 
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290. Conditdon of Ortiioscopy. — Suppose the field to be approximately 
flat, and let the linear magnification for a ver>^ small area in the centre 
of the field be 711 as above. 



Fig. 312. 


Then 

/xsina 

If the magnification is to remain constant for a larger distance from 
the axis, {i.e. if the lens is orfkoscqpzc\ we must have ^=771 also. 

B., 

.*. joining C to the edge of the object and of the image 

QC_y 

yi VC~ y 


fi _ QC ta.n /B' 
JK *~tan;8‘ 
PC 


If /x=/x', the lines joining C to the edges of the object and the image 
will be in one straight line. 

Note. — These lines are not raj/s, they are geometrical only. 

291. The two Principal Planes (of the Gauss theory for narrow 
pencils) become portions of spheres through the Principal Points. — 



For draw spheres through the Principal Points with P and Q as 
centres, and let them be AA^Ag and BBjBg. Then these, by definition, 
^e loci of/tmit ma^i^catidr^’ yiik&m the ang!^ and are small. 
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Therefore a ray PA will emerge as BjQ, where MjAj— NiEj. 

5»L|f=52=constann 

sm /?i AP 

if the angles are small, from the ordinary Gauss theory. From the 
figure it is obvious that if it obeys the “ sine condition,” or if 


Sin 0.2 _ sin (ti 
sin jSa^sin 

then A2M2=B2N2; 

and the loci' of unit magnification are spheres. 



Fig. 314- 


292. • Metliod of drawing images. — Let P and Q be the aplanatic foci 
of a system of which the equivalent reflecting surface is the sphere RC, 
and suppose it is required to find the image conjugate to an object 
AA'. Through A' draw a ray A'PR to meet the surface at R. Join 
RA. Join AC and produce it to meet RQ at B.' Then B' is the 
image of A'. Thus the image of AA' is BB'. 

The Abbd Apertometer. 

293. The above method of measuring the n.a. only applies to an 
objective which is used when “dry.” The Abbd apertometer 
will measure the apertures of immersion objectives as well as 

of dry ones. The instru- 
ment consists of a semi- 
circular piece of plate glass, 
of which the straight e^e is 
bevelled at an angle of 45®. 
The circular edge of the 
glass is graduated in de- 
grees, and two metal shades 
slide along it. The sharp edge is a diameter of the circle, and 
on a radius at right angles to this, and about a tenth of an inch 
from it, is a small circular clear hole in a film of silver, upon which 
the objective is focussed. 

The principle of the apertometer is most easily followed by 



fFfb, 315. — ApertometteE. ' 
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reference to Fig. 316, in which a plate similar to the apertometer, 
except that the edge is not bevelled, is supposed to be set up in a 
vertical plane. Suppose that the most oblique rays that can enter 
the objective come 
from H and K, mak- 
ing at O on the axis 
of the cylinder, of 
which the plate is a 
slice, an angle of 2a ' 
with one another. 

In the air the angle 
will be 2 a, where fi' 
sin a" = sin a ; pf* being 
the refractive index 
of the glass. 

The actual aperto- 
meter is optically 
identical with this 
one, for the aperture 
upon which the ob- 
jective is focussed 
may be considered 
to be the image in 
the bevelled edge, 
above. 
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Fig. 316. 

which acts as a mirror, of the point O 


The refractive index of the glass used is i«6i5. 


To use the instrument, adjust the microscope so that aperture 
in the silvering is in focus. Remove the eye-piece and look down 
the tube at the back of the objective. Place a flame level with 
the stage, so that the light from it passes in through the circular 
edge of the apertometer, and is reflected up the tube by the 
bevelled edge. Rotate the stage until the light begins to be 
cut off, and the circle of light at the back of the objective 
begins to be dimmed at one edge. Rotate it back a little until 
the field is again well lighted; if the stage does not rotate, the 
flame must be removed instead. Now move one of , the slides 
along the edge of the glass until it Just begins to be visible xm the 
edge of the disc of light, > R^>e^ with the opposite edge of flae 
disc of The an^e heimpm the inten^ edges of the two 

shades is the of ^e^ve in Then, knowing 
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be calculated. The apertometer is usually graduated so as to 
give directly the numerical aperture, and the equivalent angle in 
air, instead of the angle in the glass. 


As an example, suppose the angle in the glass was 60®. Then a" is 

half this and is 30°, and 
as already said, is 
1*615. 

,.'The angle a in air is 
given by 

sin a — 1*615 . sin 30“ 

= *8 = N.A. 

Thus the angle a is 53®, 
and 2 a =106°. 

As a further example, 
suppose the objective is 
an oil immersion one, and that the refractive index of the oil is 1*5, and 
suppose a" =45®. 

Then sin a'= 1*615 sin 45® 



and 


= I*4 = N.A. 

a'~5i®, 2 tt'=i02®. 


Testing tlie Objective. 

294. The best way to test an objective is to examine the image 
formed by it with a deep eye-piece, but of course this mode of 
testing depends upon the judgment of the observer. 

Magnifying power^ resolving fower^ penetration power are 
nurnericaL 

Definition^ brilliancy of image^ centring have no numerical 
expression. 

295, Zone Test — A test object is first sharply focussed, and the 
flame is also to be focussed upon it by the condenser. The object 
is moved just out of the field (not. removed entirely, as i this would 
alter- the illumination). A card with a series of holes of varying 
sizes is placed at the lower focal plane of the condenser, and the 
light transmitted by the objective examined at iti back focal plane 
(either by removing the eyepiece, or by an extra eye-piece tern- 
porarily mpunted above the ordinary one and focussed upon the 
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eye-ring). The hole which transmits a beam of the correct size is 
thus found, namely one having a diameter J the diameter of the 
back lens. 


A new card is pencilled with tw’o such holes at a distance apart 
equal to two diameters from centre to centre. The card is then 
fixed in its place at the lower focal plane of the condenser, so that 
the beams shall be tr^smitted ihrqugh_th^out^zQnj 
The test ol ^ . 
card, or the^i 

instrument, and the appeai|Lnc| cfatfapt ^Bj no(gd^|s 

the beams sweep the field oiffre" o^ecti^. 




The spherical ab^] 
the results of the ti 


►jeer: 
Itocorrected ] 
IcrI coSdtens^ 


may be put at the back of the focal plane of the obj^tive, with 
holes of the corresponding size, and rotated. The objective 
course not to be rotated. 


296. AW3^s Test Plate. — This consists of a series of cover-glasses 
ranging in thickness from *09 mm. to *24 mm., silvered on the 
under surface, and cemented side by side on a slide, the thickness 
of each being marked upon the silver film. Groups of parallel 
lines are cut through the films, and these are so exactly ruled 
that they are easily resolved by the lowest powers; yet from the 
extreme thinness of the silver they also form a very delicate 
test for objectives of even the highest power and widest apertures. 

To examine an objective of large aperture the discs must be 
examined in succession, observing in each case the quality of the 
image in the centre of the field, and the variation produced by 
using alternately central and very oblique illumination. When 
the objective is perfectly correct for spherical aberration for the 
thickness of cover-glass under examination, the images of the lines 
in the centre of the field will be perfectly sharp by oblique 
illumination, and without any nebulous doubling or indistinctness 
of the minute irregularities of the edges. It should have the same 
focus for central as for oblique light . If with any one of the 
discs it fulfils ditese conditions, it “is free from spherical aberration 
for cover glasses of that thickness. 

Nebulous doulding with qbhque aiun^nation indicates over- 
Qorreqtion pi . ^n^ginal , zpnse ) j ipdisteetness- of the^ edges 
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without marked nebulosity indicates under-correction of the 
zone. 

The test of chromatic aberration is the colour seen with oblique 
iilumination. The edges of the lines in the centre of the field 
should show only narrow coloured bands in the complementary 
colours of the secondary spectrum, namely on one side yellow- 
green to apple-green, and on the other violet to rose. The better 
the spherical correction, the clearer these colours. 

An achromatic condenser should be used, and for wide apertures 
cedar oil must be put between its under surface and the test plate. 
A movement of the diaphragm is the best way to change from 
central to oblique illumination. 

The illumination must be brilliant, and a high-power eye-piece 
is necessary. 

Indistinctness of outline towards the borders of the field results 
as a rule from unequal magnification of the different zones of the 
objective ; colour bands on the margins are caused by unequal 
magnification of the images of different colour. 

A test for low powers up to I*", of n.a, -65, is an object on a 
dark ground, one of the delicate polycistinae for the lowest powers, 
for medium powers a coarse diatom. Unless the lens is well 
corrected the image will be fringed with scattered light. The 
aberration produced by the cover glass is plainly manifest, and 
by accurate adjustment can be done away. 

297. Error of Oeatiring. — Place a sensitive object in a certain 
direction, and when the adjustments have given the best image, 
rotate it 90“. If it does not alter, the lens is good. Ballinger 
recommends a hair of Polyaenus lagurus in balsam for medium 
powers, and a Podura scale for higher ones. It should be 
strongly marked, and in optical contact with the cover glass. 

Wide aperture objectives can be tested with a homogeneous 
condenser of wide aplanatic area, €,g. a semi-apochromatic oil- 
immersion condenser of 1*3 n.a. It must be a good objective 
that does not show signs of tHreaking down under the strain. If 
it will stand a cone filling three-quarters of the back of the 
objective, it is an excellent lens. 

298. Testing for SpJie^caa AJ)erratioiL — A glass slide is coated with 
an opaque layer of Chinese ink in which fine holes or lines are 
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made ’wdth a needle, or if the layer of ink is allowed to dry cracks 
wdll form naturally. An Abbe test plate may be used. 

The objective must be filled with light. 

If there is a fog surrounding the image, there is spherical 
aberration. 

Let AB be the objective, p the focus of the central rays, p' the 
focus of the marginal rays. 

Then the objective is over-corrected. 

The real image will be most clearly seen on a screen at 7^, 
drawn through p. It is, however, bounded by a fog caused by the 
marginal rays. At the image is dim and the fog greater. 



At the cross-section of the cone is least and the fog dis- 
appears. The screen at is illuminated by a sharply bounded 
circle of light It remains sharp even further to the right 

With an under-corrected lens A'B' the phenomena are reversed. 
Therefore the approach or withdrawal of the eye-piece will decide 
whether the lens is under- or over-corrected. 

For testing spherical aberration : 

(r) Use a full cone. 

(2) Focus best, and see if there is a (bluish) fog. 

(3) If the fog rapidly increases or disappears by reducing the 
cone, it is due to marginal rays. If reducing the cone does not 
improve the definition, try a central stop. 

(4) Alter the focus or the eye-piece distance to ascertain in the- 
::ase of marginal rays if it is under- or over-oorrected. 

In the case of a micro-objec^ve : 

The resolving power fe' €Hrectiy- pr<>pC)rtionai to n.a. 

The pmetmimg - - * :feiv^^y ^ ^ „ 

The - • t? ; ' ^oportWi^^ to the (n, a.^). 
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The Condenser. 

299. In critical work with the microscope, it is a matter of prac- 
tical experience, that the best results can only be obtained when 
the image of the flame, formed by a good condenser, is made to 
coincide with the object. The condenser must be free from 
spherical aberration, and approximately free from chromatic 
aberration; it must also have a large aperture. The aperture 
should, however, be capable of being reduced ; sometimes it has 
to be reduced to about three-quarters of that of the objective. 
Thus the condenser is a lens which produces a point image of 
each point of the flame, practically free from aberration. The 
phase of each point of this image should therefore depend entirely 
and solely upon that of the point of the flame of which it is the 
image. As the individual points of the flame have absolutely 
independent phase relations, so should the individual points of 
the image produced by the condenser. This is very important, 
for it shows that there should be no intefference of the light from 
any given pair of points of this image. If, for instance, this 
image is made to coincide with an ordinary transparent grating, 
so that the image of the flame is periodically obstructed, the light 
transmitted by the spaces of the gratmg should not be in a 
condition to interfere; if any coloured spectrum is produced at 
the back of the objective, it can only be because the condenser 
is imperfect, and two or more grating spaces are illuminated by 
light emanating from a single point of the flame, namely, the 
condenser does not converge the light from a point of the flame 
to a point again. As shown in § 284, it is indeed impossible 
for a condenser to converge the light from a given point of the 
flame to an absolute point. It can only produce a disc, and this 
disc will be larger, the smaller the aperture of the condenser. If 
,the condenser were perfect the light from each space would be 
independent of that from the neighbouring ones, and the grating 
could be considered to be self-luminous. The nearer the approxi- 
mation to this, the better is the practical result. 

300. All condensers are xmder-corrected for spherical aberra- 
tion. The aperture of a pondenser can pe measured with Abba’s 



apertometer, but its effective aperture or aplanatic aperture cannot 
be so measured. 

To measure the ordinary aperture, place the condenser on the 
substage and an objective on the nosepiece, and focus both on an 
object. Use the edge of the flame, and let its images be central. 
Now move the object just out of the field, remove the eye-piece 
and examine the back of the objective. If the aperture of the 
aplanatic illuminating cone is greater than that of the objective it 
will show the back lens full of light. Therefore, if the aperture of 
the objective is -5, we know that of the condenser is at least *5. 

Exchange the objective for one with wider aperture. It will 
perhaps be found that before the back of the objective can be 
filled with light by racking up the condenser, two black spots will 
be formed on either side of the middle of the discs. The last 
point before the appearance of the black spots indicated the 
largest aplanatic aperture of the condenser, and is the limit of 
the condenser for critical work. (E. M. Nelson, Mng, Meck,^ 
No. 1234, 1888.) 


Microscopic Belief. 

301. If a solid object be placed in front of a lens supposed free 
from aberration, the images of all the points in a plane perpen- 
dicular to the axis of the lens will be formed again in the conjugate 
plane, and the image formed by any one part of the lens (for 
instance, one half of the lens) must coincide exactly with that 
formed by any other part (the other half, for instance). The 
points in any other plane, in the same way, will have their images 
again in the corresponding plane. Thus if the object is not all 
in one plane, its image will also have depth. The image may be 
looked upon as being formed on a series of parallel planes, all 
perpendicular to the axis, the image in each plane being formed 
in exactly the same place by any part of the lens. Thus the 
image produced by a lens is formed in relief (but in a diflerent 
sense from the ordinary stereoscopic relief). 

On viewing this image with an eye-piece, the images formed on 
the retipa by the different parts of the eye-piece will not be 
similar ; if the image fcmned by the right-hand haF of the lens 
could be viewed by the right eye, and that formed by the left- 

C.3L. 2B 
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hand half by the left eye, an appearance of stereoscopic relief 
would result. Thus, it is not necessary that the images formed 
by the right and the left-hand halves of the objective should enter 
different eyes, but that those formed by the two halves of the 
^e-piece should do so. 

Stereoscopic relief was obtained by Wenham, who introduced 
a prism, above the objective, which received the light from 
the right-hand half of the objective, and after two internal 
reflections threw it across the direct beam and up a side tube, 
an eye-piece being placed in each of these beams. But as a real 
image of the back of the objective is formed just above the eye- 



Fig. 319.— Wenham's Binocular Microscope. 


piece (at the eye-ring), stopping half the field at the back of the 
objective is equivalent to stopping half this eye-ring ; thus as the 
prism cuts away the light from half the back of the objective, its 
effect on the direct beam is equivalent to a stop at the eye-ring, 
cutting off the light which issues from the left half of the eye- 
piece. In the same way it cuts off the light which issues from the 
right of the eye-piece which receives the reflected beam. If E 
represents the eye-piece, a real image of the back of the objective 
will be formed by E at a short • distance from the lens, and a 
stop placed to cover half the objective and one to cover half the 
aperture of the eye-piece will be equivalent. If the objective is 
fully corrected the image as viewed by the two eye-pieces will be 
identical. Although the images A'B'C', and A"B''C" viewed by 
the eye-piece are identical, yet as they are not in one plane, 
and as the rays allowed to enter the right and left eye respectively 
are those issuing from the left and right sides of the respective 
eye-pieces, the images those eyes view will not be identical, and 
stereoscopic relief will result. 
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True stereoscopic relief was also obtained by Abbe, who divided 
the rays emerging from the objective at the eye-piece end of the 
tube, by partial reflection at a thin stratum of air between two 
glass prisms ; the reflected beam being reflected up the second 
tube by a right-angled prism. The stereoscopic relief is then 
produced by covering the eye-ring of each eye-piece with a semi- 
circular stop. 

-h 

If the inner half of the aperture of each eye-piece be covered, 
we shall obtain stereoscopic relief. By reversing this, the relief 
becomes pseudoscopic. 

The instrument without the stops gives binocular vision without 
stereoscopic relief. 

The tube containing the second prism and eye-piece can be 
moved nearer to or farther from the direct tube to suit the 
distance between the observer’s eyes. 

It will be noticed that the penetration appears to be much 
greater when stereoscopic relief is obtained. This is probably 
because the observer is assisted by the feeling that the image is 
at different distances to make use of his accommodation, and 
is able to use the whole range of his accommodation. When 
viewing the image with one eye alone, if a portion of the image 
is much out of focus, without an indication of the direction in 
which the accommodation must be varied to see it, the observer 
fails to effect the necessary change. 



Fjg. 320. — ^Abb6’s Binocular Microscope. 




CHAPTER XVIII 

PHOTOMETRY 

The basis of the photometric comparison of two lights is the law 
that the intensity varies inversely as the square of the distance. 
This is true only if the screen upon which the light is to be received 
is illuminated solely by the direct lights and receives no scattered or 
reflected light from surrounding objects in the room itself. It is 
obvious, for instance, that the light transmitted along a perfectly 
reflecting tube would remain constant at all distances. It is there- 
fore necessary in photometric work to have a room in which the 
reflections can be eliminated. The walls of the room should be 
painted a dull black, and the table covered with a black cloth. The 
instrument should also be blackened wherever reflections are likely 
to occur. Some photometers are much more liable to error in this 
respect than others. The grease-spot photometer is perhaps most 
sensitive to scattered light. A photometer such as Rumford’s, in 
which the ordinary scattered light from a room will equally alfejct 
the two shadows that are to be compared, will only give false readings 
to the extent in which either of the lights is reflected upon the 
screen, — for instance, if it has a polished base. 

Simple Photometers. 

302. The Grease-spot Photometer. — Apparatus , — Materials for con- 
structing a grease-spot photometer as enumerated below. 

Let AB be a piece of white paper, and CD be the grease 
spot. Let S and be two light sources. It is usually stated 
that the light from S which falls upon AB will be chiefly trans- 
mitted through the semi-transparent grease spot CD, and will be 
scattered from the remainder of the paper; so with the light 
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which falls upon the other side. If, therefore, the distances 
of S and Sj^ are so chosen that the light on each side is equally 
intense, that part of the light of S which passes through CD, 
and is, therefore, lost as scattered light to an eye placed at E, 
will be made up by the light which goes through the same 
spot CD from S;^. No doubt the amount of light leading the 
area CD from the two sources together must be the same as 
that leaving the remainder of the screen, but with an ordinary’ 
grease spot the amount w’hich reaches the eye placed at E will 
not be the same. The light which passes through the grease spot 
is not equally scattered in all directions, but is much more intense 
along the axis, and -.falls off rapidly away from the axis, w’hereas 



Fig. 321, — Grease-spot Photometer. 


the light scattered from the remainder of the paper is scattered 
far more equally in all directions, so that the brightness of the 
spot varies very considerably according to the position of the eye. 
If, for instance, and are equally strong lights, and the screen 
be placed, half-way between them, the spot will appear com- 
paratively dark, when the eye is at E, whilst at F it would appear 
very much brighter than the remainder of the paper. Any grease 
spot is, therefore, untrustworthy and practically useless. The 
fault, of course, lies in the incomplete scattering of the spot itself. 

303. A modification of this, invented I believe by Sir W, Abney, 
gives much better results. A screen, AB, has a hole, CD, | inch 
high by ^ inch broad. On one side of this screen, a piece of 
opal glass inch sqtiare is pfeded so that one half of it covers 
the hole in the screen. A itOTfable pillar, F, is placed to cut off 
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the light from from this opal, as sho^vm in the figure. The 
opal is viewed in a mirror, M, by an eye placed at E. It will be 
seen that the half CD of the opal is lighted by and .the other 
half CF by So. The thickness of the glass is reduced until the 


X 

S. 



X 

s* 


Bl 


E 


Fig. 322. — Improved Grease-spot Photometer. 


Opal resembles a microscopic rock-section. The scattering is 
then very perfect, and very concordant readings are possible. 
The intensities of the lights will be proportional to the inverse 
square of their distances- from the opal. 

304. Tlie ETunford Photometer. — Apparatus , consists of a 
board covered with black velvet upon 'which a snaall cube about 
I inch side is mounted. The front face of the cube must be 
perfectly white, the other faces black. A movable vertical pillar, 
about inch diameter, is placed in front of the screen. 

The two lights to be compared, and Sg, are on the same 
side of the screen, and the pillar is adjusted until its shadows 
formed by and Sg respectively just meet. The distances of 
and Sg are adjusted, usually, by allowing one of them to move to 
and fro on a guide, until the two shadows are equally dark. 
When this is the case, the square ought to appear evenly illu- 
minated, and indeed the dividing line will disappear if the two 
lights are of the same colour. When the pillar P is too close to 
the screen, a black line divides the shadows down the centre, 
and when too far away a bright line takes its place, but when 
the shadows just meet, there is no dividing line visible. The 
intensities of the lights will be proportional to the inverse square 
of their distance from the cube. 
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305. The Paxaffin-wax Photometer. — This is one of the best of the 
simple photometers. 

Apparatus , — Two pieces of paraffin wax, each about i inch 
square and ^ inch thick, are carefully made of the same uniform 
thickness, a little over ^ 
inch. A piece of tinfoil 
is placed between them, 
and they are fastened to 
the centre of a piece of 
wood or metal some 4 
to 6 inches square. An 
aperture is cut in this § 
inch square, as indicated 
by the dotted lines in Fig. 

323, so that the edges of 
the blocks are visible 
through this aperture with 
the tinfoil as dividing line. 

The lights and 83 to be 
compared. 

The lights to be com- 
pared are placed at the 
ends of a long guide, 
this photometer is moved to and fro upon the guide, until 
the halves of the paraffin wax seen through the aperture appear 
equally bright The position is then read off on the scale 
attached to the base. It is an advantage to have the photometer 
at the bottom of a block of cardboard or cloth box, that the eyes 




Fig. 324.— Paraffin-wax Photometer. 


may not be dazzled by the direct light from the lamps. As an 
exercise, the light given by one wax candle may be compared 
with that given by i, 2, 3, 4, etc. 

The total length of the bench should be as great as can be 
conveniently arranged, so that when extended flames are being 
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used, we may be able to consider them as points for purposes of 
calculation, and also that in comparing lights and their different 
intensity the distance from the weaker light to the screen may not 
have to be too small for measurement. It should be 1 2 to 20 feet 
long. 

ADDITIONAL EXERCISES. 

1. Measure the brightness of an incandescent gas (or electric light) 
in terms of that of a wax candle, with each of the photometers, and 
compare the results. 

2. Place sheets of white card, in the neighbourhood, of each of the 
photometers in turn, so as to reflect the scattered light on to the 
instrument, and again measure the brightness of the incandescent 
light. Hence determine upon which photometer scattered light has 
the greatest effect. 

The Swan, or Lmnmer and Brodhtin Photometer. 

306. The principal feature of this photometerds the pair of right- 
angled prisms, F.2, placed with their hypotenuses in contact, 



Fig. 325.— Swan Photometer. 


and forming a cubical block. The hypotenuse of P.^ is first 
silvered, and then the silver is removed over some portion, such 
as a circular ring. The two prisms are then cemented together 
with Canada balsam, with the result that an eye placed at E can 
look through the block where the silver is removed, whilst the 
block will act as a mirror for the rest of its surface. The light 
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from the lamp to be tested falls upon one face of an opaque 
white screen Z, After scattering at Z, it is reflected by M' 
through the transparent portion of the block to an eye at E. 
The light from the standard lamp S, after being scattered from 
the other surface of Z, is reflected by M and then by the silvered 
surface of the block to the eye. Thus the dividing surface of 
the block will appear as a series of rings, lighted alternately by 
Sj and S. If and S are of the same colour and placed so as 
to illuminate the surfaces of Z equally, these rings will appear 
equally bright, and the surface uniform. The block, screen, and 
mirrors, and a short tube for the eye to look through, are mounted 
in a box, and replace the paraffin-wax photometer above described. 

The box is placed on the baseboard, and moved nearer to or 
farther from S^, until the adjustment is perfect; the distances 
from the lights to Z are used to determine their relative lumi- 
nosity. The baseboard of the photometer for commercial work 
is divided so that the reading gives directly the ratio of the 
luminosities of and S, that is, the ratio of the inverse squares 
of the distances of and S from Z. 

In another form of the instrument, two pieces of plane glass 
are inserted between P and the mirror, each covering a small 
portion of the field. As the light in passing through these pieces 
of glass is very slightly reduced in intensity, when the balance is 
secured the field will not be uniformly illuminated, but will 
consist of alternately lighter and darker bands. It is claimed 
that this enables a more exact adjustment to be formed; for 
without them, when the balance is nearly perfect the dividing line 
disappears and there is no longer anything for the eye to fix its 
attention upon ; thus it may become focussed at the wrong dis- 
tance and not perceive any slight variation in the brightness of 
the fields. But with this faint shadow remaining, the dividing 
lines between the fields will not vanish, and at the same time the 
inequality is so small, that it can be balanced with great accuracy. 
See also the remarks on page 4 ^ 2 . 


MmiSXxrmBtmt Opacity. 

307. A has lo be drawn in the measurement of the 

ofmdty screen — of a photographic 
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plate, — according as the light after passing through it proceeds 
for some distance without obstruction, or at once falls upon a 
paper (as in ordinary photographic printing). In the latter case 
the light after striking the paper will be largely scattered, and 
returning will fall upon the film once more, and be reflected back. 
In the former case, none of this to and fro reflection will occur. 
In photographic enlarging or projection, it will be the opacity in 
the former case that will be required. 

Hlirter and Brhfield Photometer. 

308. This instrument will measure the opacity when there is no 
to and fro reflection. It consists of a box which should be about 
2 feet long (H. and D. used one half this size, but the larger size is 



Fig. 326. — “ H. and D.” Photometer. 


more reliable), with an aperture at each end, each illuminated by 
a duplex paraffin lamp, placed with the flame flatwise outside the 
box.i Inside the box is a bar upon which one of the photometers 
previously described, preferably, perhaps, Abney’s, may be moved 
to and fro, the opal being in a line with the two apertures. There 
is a scale and pointer. The photometer should run easily upon 
wheels so that it may be rocked to and fro past the point at which 
the balance occurs; in this way the true position can be found 
with considerably increased accuracy. The inside of the box 
must be blackened everywhere. The aperture at the left-hand 
end is about in diameter, and the plate to be measured is 
placed at this end, and held there by springs. The aperture at 
the other end is wide and high, and there is a long sliding 

1 An incandescent gas lamp would do as well as, if not better than, -the duplex. 
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taper diaphra^ which can be moved to and fro across this, 
reducing its height from to zero. 

Suppose the lamp on the left gives light of intensity Ij, and that on 
the right intensity I 2 , and suppose the photometer to be at a distance 
X from the centre when the illumination is the same, then 

Ii _ Is 

{/-x)^~~{l+xf^ 


l2~'\/+xj ■ 


If a plate be now inserted, it reduces the light of b to an intensity 
I 3 . Then the photometer will have to be moved still further from the 
centre, say to a distance and then 




I3 V/+.ry Vz-y/ ’ 


and this is the “ opacity ” of the plate. 

H. and D. called the log. of this the “ Density ” D, thus 




If, therefore, at the distance x and y were marked the values of 


the log 


Z±£Y 

i-xJ 


and log 


, these logs, could be simply read off.^ 


1 The following table for the graduation of this scale is given by them in tlieir 
paper ( The Journal of the Society of Chemical Industry ) : 



Distance from 
Centre of 
Jnstrviment. 


Distance from 
Centre of 
Instrument. 

,000 

lx. 000 

.900 

lx, 476 

.100 

lx.oST 

1. 000 

/X.519 

.200 

/x.114 

1. 100 

1 X ,560 

.300 

/x,i7i 

1.2 

^>«*S 99 

.400 

lx. 226 

13 

1 X .634 

• 5 ^ 

/X.2S0 

1.4 

lx.wj 

.000 

lx. 332 


/x.698 

.700 

IXr^ 

1.6 

lX.72ll> 

, .800 

JXt 430 

s -7 

IX.7S2 
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There is a movable scale attached to the edge of the diaphragm 
which is used to reduce the amount of light through the narrow 
rectangular opening. This taper diaphragm is made of sheet 
metal, about 1 2"' long and 2 " wide, out of which is cut a triangular 
opening in length from base to apex, the width of the base 
being A zero is marked 10" from the apex. The other 
points of the scale are marked to read the densities directly, that 

is, the log. of the fraction — . 

An index is fixed to the inside of the box over the scale of the 
taper diaphragm, pointing to the number to be read.^ 

The following example will indicate the use of these scales. 
For a small density, with the sliding scale at zero, balance the 
lights by moving the photometer to and fro and take the reading. 
Insert the plate and again balance, the difference of the readings 
will give the density. In the case of a high density, place the 
sliding scale at the o, and by placing a piece of opal glass outside 
the box between it and the lamp, reduce the light at the right end 
until the photometer has to be brought nearly up to that end to 
secure balance. Insert the plate to be measured and again 
obtain a balance. The difference of readings will give the 
density. With, however, a very large density this will not be 
sufficient, and it will be necessary to move the taper diaphragm in 
addition, and the density will then be obtained by adding the 
reading of this movable scale to the difference of the reading on 
the photometer scale. If, for instance, the difference of readings 

1 The following is the scale they give : 

Movable Scale. 


Value of 

Distance from 
Apex, 

Value of log 55 ?. 

JK 

Distance from 
Apex. 

.00 

10 

-5 

3 *i 6 

.05 

8.91 

.6 

2.SI 

.10 

7.94 

•7 

2.0 

.20 

6.31 

.8 

^*■55 

•3 

5.01 

•9 

1.28 

.4 

4 

1 

I.o 


It is obvious that the photometer scale of the instrument, having been marked at 
the places given by their table, might be numHred straight through from one end 
to the other, instead of from each one to the centre. 



PHOTOMETRY 


397 


of the photometer scale was 2-5 and the movable scale was 
shifted from the zero to «7 j the density would be 2*5 + *7 = 3*2. 
The opacity of the plate is the number w^hose log. is 3*2, and is 

therefore 1585, that is to say, this plate will transmit only ^ 
of the light it receives. 
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Chapman Jones Opacity Balance. 

309, In this instrument the source of light is a Welsbach incan- 
descent burner W, and by an arrangement of mirrors Mj, M2, M3, 
this is used to illuminate both apertures. The plate of which 
the opacity is to be determined is placed against the back of 
an Abney photometer, as indicated in the figure, where N is the 


1 




1 



X 

1 

1 

jFZZ 

jif Jl.... 


1 

» 

1 

1 

Jo 

N E 

1 

Ljl. 


Fro. 327.— opacity Balance. 


plate of which the density is to be determined, CD the opal, P 
the pillar, and and Sg the two apertures. The photometer 

slides to and fro on a bar divided similarly to that of the 
Hiirter and Driffield described already, and the bar may be 
graduated in the same way. The screen is observed from E. 
It will be seen that this time, the plate being close to the opal, 
we are measuring its opacity for prifiting^ as the light will be 
reflected to and fro between the plate and opal. 

Experiment with H^er and Brlffleld Fhotometo:. — ^The following 
examples are given by Dr. Hiirter in his paper {loc, cit), 

i. Experiment with Indian Ink. — ^An Indian Ink solution was mixed 
with water in known proportions, and the density of one solution 
being known, that of the other was calculated. The following table 
shows the observed and calculated densities. The calculated density 
is simply proportional to tihe amount of Indian Ink employed. 

The gr^test error made does not reach 4 per cent of the total 
mnaormt, smd even Wtto results can be obtained if more than one 
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reading be taken. But this accuracy is quite sufficient for photo- 
graphic purposes, where, from other causes, still greater errors are 
liable to arise. 


Indian Ink employed 
to loo C.C. of water. 

Density 

calculated. 

1 Density 
! found. 

c.c. of Indian Ink 
found. 

C.C. 

5 i 

-240 

1 *240 

5-00 

lO 

■480 

1 -500 

10-42 

15 

-720 

'750 

15-62 

20 

-960 1 

1 -950 

19-80 

25 

1-200 1 

; I'245 

25.90 

30 

1.440 1 

1.440 

30-0 

35 

1-680 ; 

1-665 

34-7 

40 

1-920 

1-885 

i 

39*3 


Sometimes, when using the instrument for analysing solutions of 
coloured salts, a difficulty arises from the different colours of the two 
images of the Bunsen disc. This is easily overcome By viewing 
the disc through appropriately coloured glass — red, green, and blue 
glasses being the most useful. 

ii. The following experiment with indigo solution is representative of 
one of the most difficult, since a dark-blue glass was used to view 
the disc : 


Indigo Solution 
employed. 

Indigo 

found. 

Density 

calculated. 

Density 

found. 

c-c. 

C.C. 


4 

100 

960 

1-554 

1-487 

50 

50-6 

'777 

•787 

25 

24-1 

-388 

•375 

10 

1 0-0 

•155 

•ISS 


It will be seen again that the results are only accurate within 
five per cent of their value. 

With regard to the lamps, they should be powerful petroleum lamps 
with duplex burners. The flame should be in planes at right angles 
to the axis of the instrument Very erroneous results are obtained 
if Argand burners are used. The lamps should be placed close to 
the diaphragms, and it is advisable to provide a small stage outside 
the diaphragm to hold coloured glasses, when a substance requires 
investigation in light of a particular colour. 
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COLOUR MEASUREMENT 
The Tintometer. 

310. Apparatus . — This instrument was invented by W. Lovibond 
for the purpose of registering colours, and forms a good means of 
illustrating three-colour vision. It consists merely of a box with 
apertures at one end, at the same distance apart as the eyes ; at 
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the other end are two apertures each about Y square. In front 
of one of the latter are a series of vertical grooves, in which 
coloured glasses may be placed, the colour to be matched is 
placed either within or opposite to the aperture. The glasses 
themselves are blue, red and yellow ; they are graduated from the 
faintest tint up to a fairly deep colour, and the graduations are 
such that a combination of any three glasses red, blue and yellow 
of the same number will produce a neutral tint, and also that the 
numbers are additive, so that for instance, a 2-4 is equivalent to 
a i-S plus a *6. Tlxese effects may be readily test^ with the 
instrumait its^, placii3i|^ on qne side any glass and matching 
it .by two or m<^'«pther ^asse^ on the ^her side, when it will 1^ 
fotmd that; the (^?the h^ml>^s attached to the glasses on one 
side eqiial^ the i^^ilar. sum on the other. 



Fig. 328. — ^Tintometer. 
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With this instrument a large number of colours (though not 
quite all) may be matched. For instance, a solution of bi- 
chromate of potash may be placed in a suitable vessel in front of 
one aperture and matched by a glass in the other aperture, or 
some strips of coloured glass may be obtained from a glazier and 
matched. The colours selected by the makers for the tintometer 
are, however, not quite good enough for matching every colour. 
They should be double-colour ” glasses; that is to say, they 
should be (i) 2. yellow which transmits all the spectrum except 
the violet end, (2) 2 .gree 7 iish blue which transmits all but the red 
end, a*fd (3) a carmine transmitting all but the middle. 

For experimental work, a tintometer may be made from a cigar 
box, and the coloured glasses may be replaced by films of 
collodion on clear glass plates. These colours will not possess 
the permanency that the actual stained glass has, but a better 
approach to the theoretical colours is possible with them. 

51 1. To make the coloured glass, clean a piece of thin white glass 
thoroughly and warm it to remove all traces of moisture. Coat it 
with collodion as described on p. 446. 

If the plate is completely free from moisture, the collodion will be 
perfectly transparent when dry ; if not, it will have a milky appear- 
ance. Make a strong solution of naphthol yellow in hot water and stain 
one plate in that ; stain the others with rhodamine and methyline 
blue respectively, and set them aside in a room free from dust to dry. 
They must be dipped in the staining solution before the collodion has 
perfectly dried, that is, in from one or two minutes after pouring the 
collodion upon their surfaces. The greater part of the surface of the 
plate should appear of a uniform colour, and if this is the case, having 
removed those parts which are uneven (generally the margin of the 
plate), cut up the remainder into pieces each about by i J". This 
will form a number of plates of equal density, and of each of the three 
colours. Two or three plates of each colour should be dyed in this way 
in differing intensities. For instance, with a few trials, it is possible 
to obtain a very faint blue, a medium, and a deep blue, so that one 
deep blue is equivalent to four medium, and one of the latter is 
equivalent to five faint blues ; so also with the red and yellow. It 
is very essential, especially with ,the red and yellow, that the glass 
used shall be free from colour, as otherwise when fotir or five pieces 
are placed behind one another the ghiss itself will produce a greenish 
tinge. 
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If these are stored carefully in the dark, they will keep their colour 
for a long time. They may be compared at interv^als with some 
standard coloured glasses. With these glasses nearly any colour may 
be matched, even including most of the aniline dyes. 


312. RxpeTnment . — The instrument must be used in daylight or 
with an arc lamp. Place it near a ^window and point it dowm at a 
white surface that is well illuminated. Place the colour to be 
matched, if it is a transparent one, opposite one of the apertures. 

An opaque tint — for instance a colour printed on paper — is 
placed on and in contact with the white surface, in such a position 
that whilst it is seen through one aperture, the white surface not 
covered by the paper is seen through the other aperture. 

Insert coloured glasses in the other aperture, and vaiy^ them 
until a match is made. Write out the results thus : 



Matched by 

1 Equivalent to 


Yellow. 

Red. 1 

1 Blue. 

Vel. 

1 1 

Red. 

Blue. 


Light. 

Dark. { 

I^ight. 

Dark. 

Light. 

Dark. 

Signal 1 
Green V 
Glass J 

I 

2 

I 

) 

I — 

1 

1 

3 

9 

i 

I 

12 


More accurate results would be possible if the two patches 
to be compared could be adjacent, for instance if the tinted 
glasses took the place of one (or both) of the vessels B, D 
of Fig. 329. 


Comparison of Absorption of Idqidds. 

313. A simple apparatus for the purpose is shown in Fig. 329. 
C, D are right-angle prisms about face. A is a compound prisma 
made of two isosceles right ai^le prisms of which the smaller has 
been silvered over its hypotenuse, and then a straight narrow 
strip of the silvering has been removed from the middle, parallel 
to the long side ol the surface. The two are then oementeci 
together with Cana<la Thus the light can pass stimght 

through the y^heim rilvering has been removed, and ^ 

totally re^lectedj folia rtoteider. B and E are two cylindrical 
glass vessels wilii bottppis* F^ G is a white screen. 
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Then placing the eye at O (which is about lo'' above A), the 
unsilvered strip will not match the rest of the field unless the light 
coming from B is as bright and of the same hue as that coming 

from E. 

If monochromatic light 
is used (say a sodium 
flame), and B and E con- 
tain absorbing liquids, the 
balance can be obtained 
by varying the depths of 
the liquids in B and E. 
This is most easily done 
by connecting reservoirs 
R to B and E with rubber 
tube ; raising or lowering 
the reservoirs will cause 
the liquid to flow into or 
out of B and E. 

In all such photometric 
work it is much better, if 
possible, to have the field 
divided into three parts 
c (Fig, 330), of which a and c are illuminated by one light 
and b by the other. For suppose b brighter than the rest. If 
the attention is directed to the line dividing a from b^ the part 
of the retina on which the image of h falls will become 
fatigued as compared with that upon which the image 
of a falls. Then directing the attention to the line 
separating b from c, the weaker light from c falls 
upon the fatigued part of the retina, and the contrast 
between h and c is therefore accentuated. In this 
way fixing the dividing lines alternately, more accurate readings 
are obtained than are possible with a field which has only a single 
dividing line. 

314. To compare the absorption in different parts of the 
spectrum, insert a small pocket spectroscope with the slit removed, 
and the viewing lens downwards in the tube above the double 
prism A, as in Fig. 331. This will produce three spectra side by 



Fig. 329. — Absorptioa Photometer. 



Fig. 330. 
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side from the three parts of the field <2, b, at the focus H of the 
lens Lj, conjugate to the prism. These spectra can be observed 
by a lens L2 placed at a suitable height above the spectroscope. 
To obtain the different regions of the 
spectrum in the field, the spectroscope can 
be hinged at H (or mounted in a short 
cork which will allow of a little play), and 
inclined slightly to one side or the other. 

Luminosity Curves of Tulra and Pigments. 

315. Lxtminosity of Coloured Surfaces — Abney's 
Metbod. — Apparatus, — Rotating machine ; 
black, white and coloured discs of three 
sizes, — say 4", 6" and 8" diameter, see Fig. 

334 - 

Take two yellow discs, an 8" and a 4", 
and mount between them a pair of inter- 
laced black and white discs, (>" diameter. 

Rotate the four fast enough to overcome the flicker. Adjust 
the proportion of black to white to form a grey matching the 
luminosity of the yellow. A very exact match can be made 
by observing the discs through the black of a photographic 
plate developed with metol. Measure the angles of white 
and black, and correct the white for the light reflected by 
the black. 

Repeat with two green discs in place of the yellow ones. Now 
interlace discs of yellow, green and blue; adjust to form grey, 
and match it with interlaced black and white. From this the 
luminosity of the blue can be found. Repeat with red, green 
and blue, forming a grey, and matching it, and so find the 
luminosity of the red. 

Various combinations may be made to match, and the results 
used as a check, black and yellow can be made to match 
red and green. 

Having found the luminositi^ of red, green apd blue, other 
colours can be meast^red by substituting them for one of these, 
and making a grey^^d mafchit^ it \tith black and white. 



Fig. 331. 
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Abney’s Colour-PatclL 

316. ApparaiKS. — The eoUimator and projecfmg lens mounted 
in the square boxes already described on page 108 will do. The 
spectrum should be produced by good white glass prisms^ Pg, or 
a grating of large area and lenses of correspondingly large aperture. 
A replica of a Rowland’s grating by Thorpe with about 14,000 
lines to the inch, and an area of x 2J will do, but prisms give 
more light and are freer from spurious reflections. The slit 
should open fairly wide so that a width of *3^*' may be had if 
desired, and must be limited vertically to about fV- The light 
must be either daylight (thrown on with a heliostat) or an arc light 
concentrated by a lens C. The position of this lens should be such 
that its diameter subtends the same angle at the slit that the lens 
of the collimator subtends, so that the cone of rays after passing 
the slit may just fall on the lens of the collimator and not spread 
inside the box. This will mean that the condenser will be at a 
distance of perhaps two feet from the slit. Between it and the 
slit another box one foot square should be placed to enclose the 
light, and the lantern itself should be enclosed as far as possible, 
so that no scattered light shall be visible in the room (which 
ought to be perfectly dark). 

Abney placed a double image prism D over the projecting lens ; 
this breaks up the original spectrum into two, and it must be 
rotated until these spectra are vertically over one another. A 
vertical slit V long enough to include both these spectra is mounted 
in a sliding frame, and placed in the focal plane of the lens so 
that it can be placed upon any colour of the spectra. A lens five 
or six inches in diameter and about twenty inches focus, is placed 
beyond the spectra to receive the light from this slit and form 
with it an image of the double image prism on the screen W. 
This image should be a patch of light of uniform brightness. A 
difficulty will be experienced in focussing, owing to this lens not 
being achromatia The distance of the lens should be adjusted 
until the horizontal edges are sharp, and then it should be rotated 
slightly round a vertical axis until the patch remains stationary as 
the slit is moved across the spectrum. This movement of the 
slit will, of course, alter the colour of the patch. 

In front of one of the slits at the level of one of the spectra, 
a right-angled prism of about face is attached to the sliding 
frame, to reflect the light of that spectrum to one side. At 
a distance of about eight inches is a second right-angled prism 
to reflect the light forward once more. The light passes through 
a similar combining lens Lg about 6" diameter, but of a little loiter 




Collimator. Nj, N2. Nicol Prisms, ^ Lj, Lg. Lenses. 

Prisms. D. Double-image Prism. T. Rumford Pillar. 

Projecting-lens Box. E, Dark Box. W. Patch. 

Right*angle Prisms. 
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focal length. The prisms and lens must be adjusted to^ form, with 
this reflected beam, a patch on the screen coincident with the first 
patch. A blackened pillar 'Y must be placed in front of the patch, 
as in the Rumford photometer, to obtain a sharp dividing line, 
so that one half of the patch may be lighted by the direct, and 
the other by the reflected beam. The distance from the spectrum 
to the patch will be about four or flve feet. 

To avoid stray light the patch should be formed at the end 
of a box E about a foot square, blackened inside, and received upon 
a square W formed by cutting a windo’w about i" square in a card 
covered with black velvet and placing a piece of white paper 
at the back. An image of the double image prism, a little larger 
than this window^, must be focussed on this white paper ; it should 
appear evenly illuminated all over. 

317. .If a pigment is to be measured, it may be rolled on a piece 
of paper with a roller such as that used in photographic mounting. 
Cut a piece out with a straight edge and slip it in between the 
white paper W, upon which the patch is to be received, and the card 
covered with black velvet. The piece of white paper referred to 
is pasted to this card round three sides only, so that the coloured 
patch can be slipped in at the fourth side, and the patch must 
be adjusted until its edge just coincides with the edge of one 
of the shadows formed by the black rod. To observe the patch 
and to be able to adjust the rod, a part of the side of the box, 
at the end of which the black card is placed, is removed. To 
further reduce scattered light, the mouth of this box should be 
covered in with a black paper in which apertures are cut, just 
large enough to admit the beams. When the observations are 
being taken, the head must be placed under a large black cloth 
which is spread over this box. 

The direct beam will therefore fall upon one half of the patch, 
and the reflected beam will fall upon the other half. If the coloured 
paper te’on the half which receives the reflected beam, the two 
halves of the patch will appear unequally bright They are illumi- 
nated by the light coming through the vertical slit in the spectrum, 
that is practically by monochromatic light. They are therefore of 
the same colour^ but the coloured patch will absorb some of 
this light and will therefore appear darker than the white patch. 

318. To make the two patches equally bright, the light falling 
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upon the white patch will have to be reduced. To do this Abney 
uses a rotatmg sector run by a motor. This sector consists of two 
discs each of about 9" diameter, each having two quadrants 
removed, so that when the discs are coincident, half of the light 
incident upon them w’ill be transmitted ; on rotating these discs 
relatively to one another, the aperture may be reduced to zero, 
and thus the beam can be reduced to any desired degree. 

The discs may be moved relatively to one another while the 
sector is running by means of a sleeve on the axis which works 
in a spiral groove, so that moving the sleeve to and fro length- 
wise on the axis causes it to rotate relatively to the axis, and to 
rotate one of the discs which is connected with it, relatively to 
the other disc which is fixed to the axis. 

If such a sector is not available, as the double image prism 
polarises each of the beams into which it divides the origmal 
spectrum, the direct light may be reduced by means of a nicol 
placed in the beam. This nicol must be carried by the sliding 
frame to which the right-angled prisms were attached, and if it 
is mounted with a divided circle, the amount of light it transmits 
may be found by using the law of Malus, that the intensity of 
the light is given by Icos^a, where a is the inclination of the 
plane of polarisation of the nicol to that of incident light. 

As the sector will reduce the light of the direct beam to one 
half, it will not be equal to the light in the reflected beam, and 
unless the reflected beam can also be reduced it will be impossible 
to make them equal; therefore it is necessary to put a second 
nicol in this beam, which can conveniently be placed between 
the two right-angled prisms. 

The double image prism, as already stated, will have to be 
rotated until the spectra are vertically over one another. This 
adjustment is very important, therefore the double image prism 
should be mounted in a frame fitted with a tangent screw, by 
which it may be very slowly rotated in its own plane. The 
whole experiment must be conducted in a room absolutely dark, 
and preferably with darkened walls. 

319. Adjustment — Firstly, See that the collimator lens is evenly 
illuminated. Place a sheet of paper just beyond the lens, and 
observe the patch of light upon it The lantern must be adjusted 
until this patch is uniform. If the lantern condenser, the slit and 
the colljmating lens are all in a line, it will only be necessary to 
adjust the arc. Tthe crater will have to be focussed very nearly 
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upon the slit. As the carbons bum, if the arc is not a self-feeding 
one, it \vill be necessar}" to have an attendant to keep the light in 
adjustment, and the correctness of the readings will depend largely 
upon the care with which this is done. 

Semidly, The prisms should be set for minimum deviation 
and must be so placed that the light shall fall centrally upon their 
surfaces, so as to waste as little as possible. By breathing upon 
the face of the prism it will be easy to see where the light strikes 
it. When adjusted they must be firmly clamped so that they sMl 
not be moved accidentally. The collimator must be adjusted for 
parallel light; I prefer to do this by actually measuring the focal 
length of the lens, using the mirror method, p. 61, and then putting 
the slit exactly at this distance from it. 

Thirdly. The spectrum will have to be “ scaled.'^ By opening 
the arc and focussing the spaces between the carbons upon the 
slit the bright line spectrum will be produced, and potassium, 
lithium, magnesium and strontium may be introduced in turn. 
Also a hydrogen tube may be put against the slit and the 
positions of the hydrogen lines observed. The spectrum itself 
can be received upon a piece of celluloid, placed between a glass 
plate and a glass Zeiss scale. If this celluloid is placed in the 
focal plane in place of the slit V, the bright lines will be easily 
seen through the celluloid, and their positions may be read on 
the scale to 

Plot a curve from this with wave length, or better, with squares 
of wave numbers, page 130, as ordinates, and scale readings as 
abscissae. Consider the D line as the zero of the scale. The 
wave length of any colour of the spectrum in future experiments 
can then be at once determined, if the position of the D line in 
that experiment is also known. Replace the sliding frame carrying 
the right-angled prisms (but without the nicols) and slide it along 
until the D line is seen in the slit. If the slit is not too narrow 
this is not difficult to do. A piece of celluloid may be placed 
against the slit to receive it if required. The collimator slit 
should be rather fine. When the D line is at the slit of the sliding 
frame, observe the reading of the scale attached to the frame. 
Then for any other position of the slit measured upon the scale, 
by reference to the curve, the colour transmitted is known. 
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Fourthly. See that the direct beam is focussed upon the patch 
by its combining lens Lj, and adjust the right-angled prisms attached 
to the sliding frame until the reflected beam is formed upon the 
same patch, and focus it with its combining lens Lg. Place the 
pillar in position. This pillar when too near the patch will form 
a black line down the centre of the patch, and when too far 
aw^ay there will be a bright line there. Its distance must be adjusted 
until there is no line visible, black or bright. 

Fifthly. Insert the nicol’s prisms in the slidmg frame, and 
setting the one in the direct beam to transmit as much of the 
light of that beam as possible, adjust the one in the reflected 
beam until the two patches are as nearly as possible equal. If 
this is done in the yellow light, the patches will probably appear 
slightly different in hue, one being slightly orange and the other 
blue. This will be because the two spectra are not quite vertically 
over one another, and the double image prism must be rotated 
until the two patches match in hue. In doing this the eye should 
be turned aside for a short time now and then as the unequal 
tiring of the nerves, produced by the difference of colour, will 
otherwise cause the patches when correct to appear tinged with 
the complementary hues. When the match is perfect as regards 
hue, if the nicol prism be also properly adjusted, the patch 
should appear absolutely uniform and the dividing line quite 
indistinguishable. 

Read the position of the nicol on the circle, and the position of 
the scale. Slide the frame along to another position, again adjust 
the nicol, and read the circle and the scale. Repeat throughout 
the spectrum. Enter the results in a table, and plot a curve. 

Measurement of a Coloured Pigment. 

320. Introduce the coloured jmper into the half patch lighted by 
the reflected beam, taking care that the edge of the paper coincides 
e:Kaqt}y with tbe ecjge of the shadow. If the edge is vertical, the 
final adjusted be tnade by moving the pillar. Place the 
slit at one dC the! ptotiously read when the whole patch 

was white, ami the ^ nicol to make the two halves idaitical. 

Read the nicoTand scale. Repeat this at each of the previous 
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positions of the slit. It will be found that as the slit is moved, 
the pillar will also have to be slightly adjusted in order to keep 
the edge of the shadow upon the edge of the coloured patch. 
At the extreme ends of the spectrum, unless scattered light is very 
perfectly eliminated, it will be found impossible to make the two 
halves match ; this is because the scattered light will be reflected 
as white light from the white patch, and as coloured light from 
the coloured patch, and this additional light will be combined 
with the monochromatic beam coming through the slit. As the 
luminosity of the ends of the spectrum is small, and is probably 
still further reduced in order to make the match, it will be obvious 
that a very small amount of scattered light will be sufficient to 
produce a very perceptible effect. Dust or moisture on the 
surfaces of the prisms or lenses will produce scattering in addition 
to any light w^hich may escape from the lantern, or be reflected 
internally from the apparatus. The presence of scattered light is 
indicated at once unmistakably by a difference in hue of the two 
halves of the patch. 

Enter the result thus : 


Scale Reading. ^ 

Wave Length. 

Reading of nicol 
when the whole 
patch is white. 

Reading on nicol 
when matching 
the colour. 

Percentage of light 
reflected by 
the colour. 

j 






If the divisions on the circle attached to the nicol’s prism read 
the squares of the cosines, the last column will be obtained by 
dividing the 4th column by the 3rd and then moving the decimal 
two places. (The division is easily performed with a slide-rule.) 


The Luminosity of the Spectrum. 

321. Apparatus . — The spectrum is produced as before, and a 
patch formed with a combining lens, but the double image prism 
is removed so that the whole’ light now goes mto the direct beam. 
A mirror is placed to reflect on to the same patch the light that is 
reflected from the surface of the first prism, and this is focussed 
by a large lens of lofig focal length 'vv^hich is adjusted to form an 
image of the surface of the prism upon the patch. This beam is 
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of course white, thus a white patch is produced upon the coloured 
one coming through the slit in the sliding frame. A rod is set up 
to cast a shadow as before, so that one half of the patch shall be 
lighted with the white light and the other half with the coloured 
beam. As the light is not polarised this time, it cannot be 
conveniently reduced by nicoPs prisms, and a rotating sector 
should be employed ^ but there is no necessity to have one which 
can be adjusted while running. The sector can be made of two 
cardboard discs about 10 inches diameter, a sector is cut away 
from each, leaving rather more than a semicircle, and they are so 
mounted on a motor that they may be clamped to overlap one 
another to any desired extent. This sector must be placed in the 
reflected beam. 

Experiment . — The apparatus is adjusted and the spectrum 
scaled as already described, the sector being set so that it trans- 
mits say, a quarter of the light. The sliding frame is moved so 
that the slit is carried along the spectrum with it. When the 
yellow light is allowed to pass through the slit the coloured patch 
will probably appear brighter than the white patch ; and although 
the two patches are not of the same hue, it is quite easy to see 
that this is the case. If the yellow patch is not brighter than the 
white one, the slit in the sliding frame should be made a little 
wider so as to increase the amount of light it transmits. On 
moving the slit into the blue, it will be obvious that the white 
patch is brighter than the blue one. Thus by moving the slit 
to and fro, the coloured patch will be seen in one place darker and 
in the other lighter than the white one and by rocking it to and 
fro it is possible to find the position in which the two, although 
not matching in colour, will seem equally bright. In the same 
way a place can be found between the yellow and the extreme red 
at which the two patches seem equally bright Take the scale 
readings at each of these two points and also read the aperture 
of the sector with a protractor. Slightly alter this aperture and 
again find the points at which the patches seem equally bright 

In this way the comparative luminosity of each part of the 
•spectrum can be obtained. The result should be plotted in the 
form of a curve. The shape of this curve depends upon first, 
the Source of light, — for the proportion of each colour differs with 
each source of light ; and secondly, qpon the kind of glass of the 
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prisms, partly because of absorption, but also because, owing to 
anomalous dispersion, the areas over which the different parts of 
the spectrum are dispersed vary with the kind of glass. A 
spectrum formed with a diffraction grating would be free from 
this variation. 

The Luminosity of a Coloured Pigment in WMte Light. 

322. Apparatus , — An arc light A and Abney sector ; 7 a 
silvered mirror As the Abney sector will reduce the beam even 
when fully open to one half, an additional sector will be required 
to reduce the other beam by the same amount. This need only 



Fig. 333. — Measurement of Absorption of Coloured Papers or Glasses. 


be a card disc mounted on a small motor. The mirror is arranged 
to reflect at oblique incidence a patch of light from the arc upon 
a screen BC upon which the direct light is also allowed to fall, and 
a Rumford post P is set up to shade the two halves of the screen, 
one from the direct light of the arc, and the other one from the 
reflected beam. A sector is placed in each beam. The arc, the 
mirror and the two sectors must be inclosed in a large box as in 
Fig. 333, so that no light may reach the screen except that which is 
transmitted through the sectors, for which apertures in the box are 
to be cut 

Experiment — Ad|^t the Abney sector to make the two 
patches equal. Suppose it is open 90 divisions. The coloured 
paper is then put to cover the half of the patch which is illumi- 
nated by the light coming through the other sector. The white 
half of the patch is then obviously brighter. By reducing the 
aperture of die sector, this patch can be, made much darker. By 
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opening and closing the sector alternately, the white half will be 
seen to grow alternately lighter and darker than the coloured half. 
By making the oscillations smaller and smaller, the position in 
which the two halves seem equally bright can be determined. If 
the aperture be now 45, then the luminosity of the pigment is 
w = ’Sj as compared with white. In the same way the luminosity 
of any other pigment can be determined. The incidence upon 
the mirror should be as oblique as possible, so that the light 
which forms the direct and the light which forms the reflected 
beam, shall each be emitted from the arc as nearly as possible in 
the same direction, as the intensity of the light emitted in 
different directions is not necessarily proportional. To avoid this 
source of error, a semi-silvered mirror could be inserted in the 
direct beam to reflect the light on to the silvered mirror, which 
would be adjusted to reflect it on to the screen and form its 
patch with this light; the two patches would now be equally 
affected by any variations in the arc passed through the two sectors. 
If the arc and mirror are not enclosed in a box the readings will 
not be accurate; as in addition to the light supposed to be 
falling on the patches, namely, that going through the sectors, the 
two halves will be illuminated by the scattered light in the room, 
and this will increase the brightness of the white patch to a 
greater extent than that of the coloured patch. 

The Luminosity of the Light transmitted hy a Coloured 
C^Ia^ Plate. 

323. Apparatus . — As before. 

Experiment — Adjust the Abney sector to equalise the beams, 
read it, and introduce the glass plate (Fig. 333) into the other 
beam. The patches will now be unequ^ly bright, and in the same 
way as in the last experiment, the sector must be adjusted to make 
them equal by osdlhiting it to and fro. It will be found that 
unless inade of worked glass the patch produced 

will b^ very ordhmry ^iece of glass placed in the path 

of the te^ ; i%ht produces a blotchy appearance 

upon the scredm: ; \ 

It fe instructive to fie: luminosity of a series of coloured 
phites which as nesuiy as pos^le match the colours of the 
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spectmm. Instead of coloured glasses, pieces of patent plate 
upon which films of stained collodion have been formed (see 
p. 446), or even coloured gelatines, may be examined. 

Add a second mirror M2 so placed that the light from it shall 
go through the cardboard sector on the opposite side of the axis, as 
in the figure, so that two beams of light may be throwm upon the 
one patch. Match the luminosities of each of these beams in 
turn (the other being for the time covered up) and place two 
pieces of coloured glass one in each beam — whose luminosities 
have already been determined. There ought now to be on the 
screen a patch of which the luminosity is the sum of the 
luminosities of the separate colours. Measure it and see if the 
readings agree with the calculated ones. 


MaxwelPs Discs. 


324. Ap/araJi^s.—Cends of various colours, cut to circles of 
two sizes, say and diameter. Three cards of one size should 
be carmine, yellow and blue respectively, the colours being similar 



■Fic. 334. —Whirling Table with Maxwell’s Discs. 


to those used in three-colour printing, a bl^tck and a white of ea.ch 
size, and some discs of other colours, such as orange, green, buff, 
vermilion, will be required ; a small motor, or a whirling table, or 
a large top will be required, on which the cards can be mounted 
to rotate at least 20 times a second. Each card must have a hole 
at the centre of the circle to fit the axis of the whirling table, top 
or motor, as the case maybe; it must also be slit radially from 
this hole to the edge. The axis upon which the cards are to 
rotate must have a nut which can be screwed up to clamp the 
cards when they have been adjusted. The cards can be threaded 
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into one another through the radial slit, and caused to overla’p to 
any desired extent. 

Thread a black and white disc together of the same size, and 
the carmine, blue and yellow discs together of the other size. 
Put the two sets on one spindle and rotate. The black and white 
will, of course, form a grey ; the other three discs will, as a rule, 
produce some other colour, but it is possible to so proportion 
them that they also produce a grey, and then by varying the pro- 
portions of the black and white pair match the grey they make 
with the other. When this match has been produced measure the 
angular width of all the sectors exposed, and so obtain a colour 
equation, e.g. 246 B + 114 W=: 142 B -h 1 13 Y + 105 C. In the 
same way match the green, buff and other discs with the set of 
blue, yellow and carmine ones (it may be necessary to add a little 
black to one of them). 

Curve of Sensitiveness of the Eye. 

325. Apparatus . — Circular white cards about 12" diameter; 
whirling table ; some dead black, Chinese white, and a paint 
brush ; compasses and dividers ; protractor ; squared paper. 

Draw three diameters on a card at 60“ to one another, and put 
the card on the whirling table. Paint the card somewhat as 
shown in the figure in such a way 
that when rapidly rotated it shall 
appear to shade regularly and 
evenly from black at the centre 
to white at the edges ; this will of 
course have to be done by trial 
and error. Keep the figure as 
symmetrical as possible. Draw a 
series of concentric circles such 
as ABCD...N cutting the arms 
of the star (the circles must be 
drawn very faintly in pencil^ or 
they will spoil the apparent grada- 
tion of the light). With a pair of dividers measure BP equal 
to CD, PQ equal to EF, QR equal to GH, and so on, and 
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thus find the length of the arc AT which is equal to the sum 
of the arcs AB, CD, EF, ... MN. With a protractor measure 
the angular width of the arc AOT. 

Measure as in § 320 or 322 the amount of light reflected by 
the black that has been used. Suppose, for instance, it reflects 
4 % of the light, and that the arc AT subtends 60 at O. Then 
the arc on this circle which is left white subtends 300*, and reflects 
3oo/36oths of the total light falling on the disc ; but the black 
also reflects 4 % of the light, and therefore reflects 4/100 of 60/360, 
or 2*4/36oths of the light. Thus the total light reflected at this 
radius is 302*4/36oths of the light. 

On a piece of squared paper take a length OX to represent the 
radius of the disc (say equal to half the radius), and OY to 
r^resent 360'". Then plot the radius of the Circle OA along OX, 
and the angular width 302-4 along OY ( = AB), and so find the 
point P. Repeat this for each of the series of circles, and so 
obtain the curve OPQ. 

Also tabulate the results so ; 


Radius of 
cirde=:S. 


Angular width of 


log I. 

log TOO - log I 

white. 


white =eq. or 
the black. 

corrected 
white s=L 

TO - S. 

0 

0 


2 

2 

•301 

•170 

I 

-8 


1-8 

2-6 

.415 

•175 

2 

2-1 


1-6 

• 3-7 

•569 

.179 

3 

4'5 


1-4 


•771 

.176 

4 

7-4 


r-2 

8-6 

•934 

•177 

9 

66-7 


•2 

66*9 

1-825 

•175 

10 

100 

i 


0 

100 

2 mean 

= M -1758 


Take the 1 <^ of the angular widths and write them in column 3. 
Plot the log gainst the radii of the circles (/.<?. the “ sensation ”). 
It will be fc&nd that the points lie on a straight line, which, 
however, does not go through the origin. Thus the sensation is 
connected with the stimulus by an equation 
S = S(j + MlogL 

(The constants are, of course, arbitrary.) This shows that the 
stimulus has to increase in geometrical progression if the sensa- 
tion is to increase in arithmetical progression. 
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326. One curious result, pointed out by Professor Lloyd Morgan, 
is that in a poor light .the gradation on the card will no longer 
appear correct. For instance, a sensation of 50 % of the maximum 
is produced by a stimulus of 12 % of the maximum in a full light. 
In a* poor light — say 65 % of the maximum with a sensation of 
9° /o the middle gradation should be 45 % of the maximum. 
From the curve at the point it is seen that the intensity should be 
9*5 %• ■ But if the card is whirled, the intensity at the 50 radius 
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will now, of course, be of 12 or 7-38. HeiK^e, the intensity 
will be too small, and the disc will not appear to be uniformly 
gradated. If, instead of whirling the disc in a poor light, the card 
itself is grey or coloured, and therefore the intensity of the light 
reflected is reduced, the same results follow as if the light had 
been reduced. But by mea^ring the luminosity of the grey 
paper (as in §322(), luminosity of the 

black, plott^ ^i^isatjon numbers reduced pro- 
portionally^ again obtained. If, for 

gfey h .28 % 'of that of the white 
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card, corresponding to 70 % sensations, the sectorial angles are tc 
be plotted against sensation numbers ranging from o to 7c 
instead of from o to 100. So if the star is blue on a red ground 
the luminosity of the red and blue are to be measured, and ther 
the sectorial angles plotted from the sensation number correspond- 
ing to the blue luminosity to that corresponding to the red 
luminosity, instead of against sensation numbers from o to 100. 


The Colour Sensation Curves of the Eye. 

327. The simplest apparatus is the one invented by Max\yell, 
known as his Colour Box. In forming an ordinary spectrum, light 
starts from the collimator slit, and after passing through the prisms 



Fig. 337. — Maxwell’s Colour Box. 


it is focussed on the screen. If from any point on this screen, light 
of the same colour as that which falls at the point were sent back 
through the apparatus, it would emerge at the collimator slit. If, 
for instance, a concave mirror was placed at this screen, so that 
the light from the projecting lens fell everywhere normally and 
was reflected back along its path, it w^ould all return to the slit of 
the collimator. If the surface of this mirror were covered by a 
card with one or two slits in it, then the colours which pass 
through these slits only would be returned. And, lastly, if the 
mirror were removed and each of these slits illuminated by a 
white light, only that colour which originally went through any 
slit would be so deviated as to reach the slit of the collimator, — 
the other colours being deviated more or less would fall to one 
side. This is the principle of the ^faxwell Colour Box. 

Let E be supposed to be the collimator slit. Light passing 
through E falls upon a mirror N, from there it is reflected and 
passes through the two prisms Pj and to fall upon a concave 
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mirror M3. From this it is again reflected through the prisms 
and forms a spectrum on the screen S^SgSg. The concave mirror 
has a focal length, such that this screen is the conjugate focus of 
the slit E. Suppose slits SjSgSg in this screen to be arranged in 
red, ^een and blue respectively ; then the red light which starts 
at E is deviated just enough to arrive at S^. If, therefore, white 
light started from the slit Sj, it would form a spectrum of which 
the red rays pass through E, any other coloured light starting 
from would be deviated either too much or too little. 
In the same way white light at 83 and S3 will prodyce at 
E green and violet respectively. Therefore an eye placed 
at E will receive at the same time red light from S^, 


green from S.2 and violet 
from S3. The slits can be 
very conveniently made by 
threading six pieces of brass 
with straight bevelled edges, 
on a screw as shown in 
Fig. 338. A nut in each 
piece of brass which works 
in a slot causes it to travel 
along the screw and enables 
it to be fixed in any desired 
position A pair of such 
pieces will form one slit, 
and it can be adjusted to 



any part of the spectrum, 

and to any width. The Fig. 338.-Method of Mounting Slits. 


spaces between the slits can 

be stopped up with pieces of thin black card, or thick lead foil. 
As the light will arrive at E from the whole of the face of the 
prism Pi, this area will appear uniformly illuminated with a 
mixture of the three coloured lights. By adjusting the widths 
of the slits, the proportions of these colours can be varied^ at 
will. At the same time light from the slit A after reflection 
from the mirror Mi is seen in the mirror M2, and thus two 
illuminated areas are seen touching one another, the one formed 
by the combination of the three colours from SiSgSg, and the 
other illuminated by the light from A. The white ^reen BC 
is placed beyond the slits to act as the source of lighl. The 
car# should be illuminated by a light of constant colour com- 
position, for which purpose the^ arc light is to be preferred 
to sunlight, as the latter varies with the altitude of the sun an<} 
the state of the atmosphere. 
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First obtain the positions of the principal lines in the spectrum, 
so that the colour which reaches the eye from the various slits 
may be known. Illuminating the slit at E with the arc light, 
obtain on a celluloid or glass screen at S the bright line spectrum, 
and take readings as previously described. 

The frame carrying the slits should have a millimetre scale 
engraved upon it, so that the position of the slits can be at 
once read off. The width of a slit may be found with a 
reading microscope pointing vertically downwards, using a low- 
power objective and observing the image of the slit formed in a 
strip of mirror glass placed along the front of the slits at an angle 
of 45°, which must be removed during the experiment and 
replaced after each match has been formed. 


The Curve of Absorption of a Coloured Solution, 
(xlazebrook’s Si)ectro-pliotoineter.^ 



Fig. 339. — Glazebroolc’s Spectro-photometer. 


328. The construction of the instrument will be easily followed 
from the above diagram. 

A and C are fixed slits. B is a slit which can be moved to and 
fro horizontally. F, G, H are nicols, F has its plane hori- 
zontal, G has its plane vertical and H can be rotated on a divided 
circle, its rotation being observed by a pointer P". L, M, N are 
lenses each at their respective focal lengths from A, B and C. 
SS' is a direct vision prism. At L' is a concave lens fixed on 


^ Proc, Camb. PhiU Soc.^ 1883.. 
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a silvered mirror K, which is so placed as to cover half of the 
lens L, so that in the lower half the light reflected from N is seen, 
and above that the direct light from L. 


Let the amplitudes of the vibrations from A and C be and <r, and 
suppose the plane of polarisation of A to make an angle ^ with' the 
plane of F, that is with the horizontal. 

Place the slit B in any part of the spectrum and turn the nicol H 
until the two halves of the field are equally bright. 

Then, as the beams are equal w’ith the nicol in this position, 

a cos ^=^sin 

Therefore ^=^^=tan=> 0 - 

Ic 

Now place the cell containing the coloured liquid between L and K 
and once more balance the light. 

If I'rt be the intensity of the light of this colour transmitted by this 
solution, j, 

^=tan3<9'. 

tc 


Therefore 


la tan®^’ 


If k is the proportion of light lost by absorption, 

Therefore k—i- 


It will be found that there are four positions of the nicol H at 
which the balance occurs. The mean of the four readings must be 
taken to avoid index errors. 

There will be an error caused by the loss of light by reflection from 
the surface of the vessel and absorption by the glass. Let Ij be the 
intensity when using the cell filled with a colourless liquid, and I2 
the intensity with the coloured liquid. Then 

I, =1.(1 -/j,) 

^ Ig I 

and ^ is approximately 

' ,1^: ± h' tan®^2 - tan^^i 



t&e '®3ctin<3^bn coefficient e the reciprocal of the 
fihe intosity of the incident-light to -3^. 
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If the thickness of our cell be then,^ /;/^=logiop* 

By graduating the scale over which the pointer moves in tan^^ 
instead of degrees, the calculations would be much simpler. See also 
§ 313 * 


The Brace Spectro-photometer. 


329. Apparatus.- 


-The instrument consists essentially of a spec- 
trometer mounted 
with two collimators 
T, T'(Fig. 340), and 
a telescope R, one 
of the collimators 
having a slit with a 
micrometer screw ; 
and a special prism. 
This prism was 
made of the Jena 
glass 0-102. The 
prism is an equi- 
lateral one, made 
of two prisms each 
30° angle, put to- 
gether with alpha- 
mono-bromo-naph- 
thaline,^ which is 



Fi<;. 340. — Brace Spectro-photometer. 


cemented in round its edges by gelatine or shellac. 


iLet 

I' 

where a is a 

constant depending upon the absorption, 

and therefore 

log«-y = - am. 

Then 

I -- 

15=' 

and 

, I a 

therefore 

, r 

iog.T , r 




This is used because its refractive index is neatly the same as that of the glass. 
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One half, ADC, of this prism (Fig. 341) is silvered on the surface 
AD along a horizontal strip SS', the edges of the silvering being 
sharp and straight. 



The prism is to be mounted on the 
spectrometer as usuaV the light from the 
collimator T (which may have a uni- 
lateral slit) is transmitted through the 
unsilvered portion, and the prism and 
telescope are adjusted for minimum devi- 
ation with sodium light. The cross wire 
of the eye-piece of the telescope R is 

placed on a sodium line. Then T is screened, the telescope 
clamped, and the collimator T' (which must have a bi-lateral slit) 
is adjusted until the sodium line from it, reflected from the silvered 
strip, is also focused. x>n the cross wire. The two spectra will 
then be superimposed throughout their length, if the two halves 
of the prism ABC are similar. 

Remove the eye-piece ; put instead an ocular slit, 2 mm. high 
and from 0-5 to i mm. broad, in its principal focal plane and 
place an incandescent burner in front of each 
collimator, with a piece of ground glass betweeii 
it and the collimator silt. Look through the 
ocular slit. A circular field with a horizontal 
band is seen, the field and the band will each 
appear uniformly illuminated, but their intensities 
wiW in general not be equal to one another. 

In addition to the above, a sector is required 
cut in a series of steps, which can be rotated by 
a small motor, and adjusted in front of the slit T', so that the 
light may pass by either step at pleasure. 

• Experiment — It is first necessary to calibrate the micrometer 
screw of the slit of T'. 

Open the slit 1 / to about i mm. and place the sector so that 
its lowest step is opposite this slit. The strip will now appear 
fairly dark, as the light only passes through the small angular 
aperture of this lowesrmep,— an aperture of perhaps ni". 

Adjust the slit T of the field is equally dark 



Frc. 342. 
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Take the micrometer reading of T'. Now move the sector until 
the next step, which may have an aperture of 22^“, is opposite the 
slit T', and adjust this slit T' to again balance the rest of the 
field. Its width should now be about | mm. Take its reading. 
Move the sector again to the third step having an aperture of 45®, 
and again adjust T'. 

Continue this until the full aperture of the sector is reached, 
namely 360®. T' will now have an aperture of about mm. 

Replace the sector so that the step iij* is again opposite T', 
and reduce the aperture of T to balance the field. Move the 
sector until the next step 22^° is in front, and adjust T to balance 
once more. 

Its aperture should now be jig- mm. 

In this way the calibration of the screw may be continued. 

The results may be entered in columns thus : 


Sector aperture. 

Reading of micrometer 
screw of T'. 

Ratio of light 
transmitted. 

Ratio of sector 
apertures. 






If we call the light transmitted by the slip T w^hen it was 
.opposite the first step i, the last column will begin with i and 
the other succeeding numbers will be 2, 4, 8, 16, etc. 

It may be found that the continuations of the graduations from 
can be better effected by putting the sector to some inter- 
mediate step such as 45, instead of to the iij, which would 
perhaps cause too great a reduction of the light. 

This calibration once effected, the instrument may be used for 
finding the absorption of a coloured meidium. The method is 
the same as described for Glazebrook's spectro-photometer, sub- 
stituting the numbers in the third column for the tan'^^ in 
his formula. 


Differential Spectro-photometers. 

330. The photometer just described has one very serious fault-^ 
it depends upon light sources, and if these are not frequently 
compared with one another their variation in brightness may 
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entirely upset the readings. In the differential spectro-photometers 
two portions of the slit of the same collimator are illuminated from 
one light-source and brought into apparent contact by some prism 
device. The intensity of one portion of the slit is diminished 
by the absorption to 
be measured, that of 
the other is varied 
either by varying the 
width of its slit (as in 
the Brace instrument) 
or by polarising prisms 
(as in Glazebrook's 
instrument). 

One such arrange- 
ment is shown in Fig. 

343. The light from 
an incandescent burner is parallelised by a lens placed at about its 
focal length from the flame, from which a part goes through the 
cell, the jiicol prism, and after two reflections enters the upper 
portion of the slit. Another portion passes directly through 

the block and through the 
unsilvered portion of the inter- 
face to the lower portion of 
the slit. A block of colourless 
glass is inserted in the cell, so 
that the path in the liquid 
may be reduced as much as 
required. 

The method of experiment 
is similar to that described 
for the Glazebrook spectro- 
photometer. 

A symmetrical arrangement 
is shown in Fig. 344. 

There is, however, no real advantage in a symmetrical arrange- 
ment. Its only object is to interpose the same , absorptions in 
both beams. But as it is necessary to compare the beams for 
every colour whenever a polarising device is used to reduce the 
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intensity of one beam (see page 409) owing to the unequal pro- 
portion of the lights of different colours reflected by the first 
surface of the dispersing prism, the advantage is illusory, and 
the simple arrangement of Figs. 343 or 345 is really just as good. 
As the polarising prisms reduce the light to less than half, an 
absorbent wedge may be interposed in the other beam. 1 he 

wedge is made either 
by photographing a 
card which is shaded 
uniformly from one 
end to the other, or 
by a glass plate smoked 
so that the density of 
the deposit increases 
gradually from one end 
to the other. The 
wedge can be moved 
to and fro in front of the slit until the beam is reduced to the 
required amount and clamped there. 

When in proper adjustment, by either of the above devices a 
field is obtained in which the dividing line between the two 
portions has no breadth. In this way the sensitiveness of the eye 
to the contrast of intensity is used to the utmost, for this 
sensitiveness is greatly reduced if the dividing line has any 
apparent breadth.^ 

The rest of the instrument may be an ordinary spectroscope 
with the addition of an analysing prism, which must be mounted 
on a divided scale, by which the intensity of the comparison 
beam is measured, as already described (§.328). But as the 
instrument is not required for obtaining refractive indices, it is 
best to fix the telescope and use a constant deviation prism ; 
this enables the instrument to be made more simply, and at the 
same time the telescope with its nicol and divided circle can be 
mounted more rigidly. 

331. The principle of the constant deviation prism can be easily 
illustrated, for draw the path of a ray PQRS through a pi'ism at 

^See also the remarks on p. 402. 





COLOUR MEASUREMENT 


427 


minimum deviation on tracing paper (Fig. 346). Then fold the paper 
along any line DOE passing through O, the mid point of QR. 

If one imagines the part of the prism to the right of DE to be 
reflected in DE, the ray will 
now follow the path PQOR'S'. 

Also, as PQ makes the same 
angle with BQ that R'S' makes 
with B'R', it is obvious that 
PQ and R'S' will make the 
same angle with one another 
asjBA does ^withtB'A'. If the 
direction of DE be so chosen, 
for instance, that B'A' comes 
at right angles to AB, R'S' 
will also be perpendicular to PQ. 

If DE bisects the vertical angle of the prism CAB, the ray R'S' 
will coincide with QP, and we have the ordinary auto-collimating 

prism. The angle between 
PQ and R'S' can thus be 
varied at pleasure, and all 
that is necessary in any 
case is to determine the 
angle between PQ and R'S', 
and to mount the telescope 
and collimator at the same 
angle with one another. 

The prism must be 
mounted on a turn-table, 
with a circle which need 
only be divided for a 
short distance, and in any 
arbitrary manner; it can be read with a single vernier. The 
scale must be calibrated by determining the positions of known 
lines as in §98. • 

Instead of a divided circle a screw can be used to actuate the 
turn-table, and the wave-lengths can then be marked on a drum 
attached to the head of the screw. The readings of the drum 
may give directly the wave-length of the light in the centre of the 
field of the telescope. 



A 
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Flicker Spectro-pliotoiiieter. 

332. The principle of the flicker-photometer could be applied 
to spectro-photometry as in the following instrument, which is an 
auto-collimating one. 

The light from an inverted incandescent burner is parallelised by 
a lens and after passing through a slightly ground screen (not shown), 
one beam traverses the reflecting prism P and the slit S. The 
other beam passes through the two glass plates on the lower ends 



Fig, 348. 


of the concentric tubes T and the slit S. From the slit the beams 
are reflected forward by the right-angle prism R. They then 
traverse a very weak double-image prism Q and emerge from the 
lens C of the collimator as. parallel light, enter the prism D, from the 
back silvered surface of which they are reflected again through 
the prism D, the double-image prism, and focussed by the lens C 
on the ocular slit O, immediately behind which is the pupil of the 
eye. The images of the upper and lower portions of the slit S are 
drawn out to form two spectra, each of which is doubled by 
the double-image prism, and the strength of this prism is just 
sufficient to superpose one of each at the short ocular slit 
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O.^ The pupil of the eye is put close to the slit, and will see the 
field uniformly illuminated with light of a colour that is determined 
by the position of the slit. A brass disc mounted on nearly 
frictionless bearings rotates just above the prism P as in the 
figure. This plate has ‘a row of spaces concentric with its axis, 
the angular breadths of the spaces being all equal, and is so 
mounted that each beam has to go through the ring of spaces, 
and that as a tooth cuts off one beam, a space allows the 
other to go through. Thus, if the disc is rotated, the eye 
receives the light from the one beam and the other alternately. 
The eye therefore sees the field of the lens C uniformly 
illuminated with mono-chromatic light, first by the light of one 
beam, then by that of the other, then by the first again, and so 
on as the disc is rotated. If the beams are not quite equal in 
intensity, there will be a flicker when the disc is rotated, which 
will only disappear when the light is exactly balanced. The 
intensity of the comparison beam (the one that does not pass 
through the coloured solution) is reduced by reducing the width 
of that part of the slit S through which it passes by a pair 
of jaws which move symmetrically and independently of the 
jaws forming the portion of the slit through- which the direct 
beam passes, or by interposing a nicol prism. By moving the 
ocular slit to different parts of the spectrum, the comparison 
can be made with light of any colour. 

As the number of the teeth on the disc is large, it has only to 
be rotated slowly, and this can be easily done with the milled head 
M, by twirling it occasionally with the thumb and finger. Any 
spectrum colour can be brought into the field by rotating the prism. 

The solution to be measured occupies the space between the 
two tubes T. One of these tubes is fixed and the other is moved 
up and down vertically by a rack. Thus the distance between 
the glass plates is easily varied, and so the thickness of the layer 
of coloured liquid can be varied at will. The side tube com- 
municates with a larger vessel to maintain the liquid in the annular 
space between the tubes T at an approximately constant level. 

A reading must fir-st be taken with clear water in the space 
between the tubes T, and this reading should be repeated in 
different parts of the spectrum, for as polarised light is used, 
the intensities wffl varj^^m colour to colour in the spectrum 
(see p. 426).;, \ ■ t ' ; 

pair wfH be produced above, and of the other pair 
below, the whidi they are thus cpt off., . . 



CHAPTER XX 

THE EYE AND VISION 

niustration of tlie BehaTiour of the Muscles which, 
move the Eye as a whole. 

333* ^/>J>arafus,-Steveoscope;^ a stereoscopic picture; pieces 
of ordinary red glass and green signal glass. 

The axis of the eye may be pointed up or down, and may be moved 
right or left, the eye can also be rotated on its axis. The muscles 
which control the two eyes act together, as is well known. To a small 
extent they can be adjusted independently of one another. 

i. Take two similar pictures : for instance, similar advertise- 
ment or concert tickets. Place one in the stereoscope opposite 
each eye, and adjust them until they are s Ai as one. It will be 
found that keeping one still, the other may be moved right or left 
for half an inch without any perceptible discomfort, and that 
coincidence may still be maintained at greater distances than 
this, but with a certain amount of pain. Do not attempt to carry 
it too far, as it is not advisable to run any risk of injuring the 
eyesight. 

ii. In the same way it will be found that one of the 
pictures may be moved up and down to a slight extent and 
coincidence still maintained, showing that to a slight extent the 
muscle which moves one eye in that direction can be used in- 
dependently of the other. As in ordinary circumstances we do 
not require to move the eye independently in this direction, we 

lA cheap form of this instrument is ma<ie, that will answer the purpose 
perfectly, costing less than as, 
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have not exercised these muscles independently, and it is probably 
for that reason that this motion is so small. It is conceivable 
that with exercise it might be possible to make these motions 
quite independent 

iii. Lastly, keep one card at rest, it will be found that the other 
may be rotated slightly without becoming blurred. This can only 
mean that the corresponding eye has been rotated on its own axis 
to correspond. 

Note . — These experiments can be shown to a class by using two 
lanterns and projecting two similar diagrams on the screen at the 
same time, one with red and the other with green glass, the members 
of the class being each supplied with a card having two holes the 
distance apart of the eyes, over one of which is a red and the other a 
green glass. By holding these in front of the eyes only a red picture 
will be seen by the eye which looks through the red glass, and 
similarly with the green. Then move the slide in one of the lanterns 
to and fro, up and down, and rotate it. 

The Blind Spot. 

334, That part of the retina where the optic nerve enters is insen- 
sitive to light, being devoid of the minute rods and cones necessary 
to vision. It is called the Blind Spot, and is situated a little nearer the 
nose than the optic axis. 

Apparatus. — Cardboard, red wafers, or drawing-pins. 

This may be proved by sticking a red wafer or a drawing-pin in 
a piece of card and making a cross some 6 or 8 inches from it. 
Holding this in the right hand, with the 
wafer to the right of the cross and in the 
same horizontal line, and closing the left 
eye, it will be found that at a certain 
distance, if the attention is fixed upon the 
cross, the wafer becomes invisible. By bringing the card nearer, 
or moving the wafer further from the eye, it will disappear. 
If the card be inverted, so that the wafer is to the left of 
the cross, and the experiment re^ekted with the left eye, the 
position can again be found at whick., the disappearance occurs. 
By fixing attentich m the cross,: die axis of the eye is pointed 


X # 


Fig. 349, 
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at it, and the light from the wafer, after passing through the lens, 
proceeds to a point on the retina to one side of the centre, at a 
certain distance this point coincides with the blind spot and the 
wafer becomes invisible. 

Stereoscopic Vision. 

335. If, without moving the head, first one eye then the other 
be closed, whilst objects at different distances are observed, it will 
be noticed that there is an apparent displacement of a near object 
relatively to a further one. For instance, if a position be taken up 
such that a lamp or a retort stand in the room is between the 
observer and the window, and the eyes be alternately closed, the 
lamp will appear relatively displaced to the window bars. The 
images, therefore, of objects at different distances do not exactly 
coincide on the retinas of the two eyes. If attention be fixed on 
an object at a certain distance, objects at other distances will be 
differently situated relatively to it. It is this displacement which we 
associate in our minds with “relief.’^ An object appears in relief 
when this relative displacement is produced. If an object outside 
the window be observed in relation to the windows, it will be seen 
that its relative motion across the bars is in the opposite direction 
to that of an object in the room. 

By taking photographs of natural objects, either with two 
cameras side by side, or with a single camera which is moved a 
few inches laterally between the two exposures, two pictures are 
produced in which a similar relative displacement of the objects 
at the varying distances occurs; and if prints of. these pictures 
can be seen, one with one eye and the other with the other eye, 
similar displacements are produced on the retina as are produced 
when the actual objects are seen, and there will be the feeling of 
relief. 

The stereoscope is designed to produce this effect. 

The Stereoscope. 

336. Aj^paratus , — In the usual form of instrument a pair of 
prisms, with curved surfaces which both bend the rays and enlarge 
the image, are placed at the distance af^t of the eyes. The prisms 
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should have such an angle that the two pictures to be viewed 
placed side by side are caused apparently to coincide with one 
another. Owing to the fact that the eyes are not always the same 
distance apart, it is an advantage if the distance between these 
prismatic lenses can be slightly varied. If an ordinary 8-inch lens 
be cut in halves, and the halves placed one in front of each eye 
with their thin edges towards one another; a pair of stereoscopic 
pictures, not too widely separated, can be viewed. 

It will be easily seen from Fig. 350 that the light from the 
pictures A and B after passing through these two half lenses will 
appear to come from a point C. 

When viewing an object at a short distance, the axes of the eyes 
are automatically converged to meet at that distance, so that to 



Fig. 350.— Principle of Stereoscope. 


view these pictures at a distance of 8 or 10 inches, one adjusts 
the axes to meet at that distance ; it is a strain upon the eyes to 
keep the axis parallel, and in viewing the pictures A and B, the 
axes will be pointed together and will meet at C. The distance 
apart of the pictures A and B, or the deviation of the rays by the 
lens, must be adjusted so that the light entering the eyes appears 
to come from C. As the lenses become more prismatic the more 
nearly the light passes through their edges, it is obvious that by 
altering the distance apart of the lenses so that the light entering 
the pupil of the eye (which is a pencil only i or 2 mm. in diameter) 
may pass through the lens nearer or farther from its edge, the 
amount of tibe convergence can, be controlled. It is also obvious 
that, if lenses are at isuch a distance that this convergence 
shall be corre<^ for a p^pn whpse eyes are 2^ inches apart, it 
would not remain cwect for a person whose eyes are 2 J inches 
apart 

C.L, ' 2 E 
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Fig. 351. — Stereoscopic Pair of Pictures of a Block. 
By holding a card vertically between the pictures, and 
adjusting the convergence of the eyes until the two 
appear superposed, an appearance of solidity is pro- 
duced. 


If a pair of simple stereoscopic pictures be drawn on two 
cards — for instance, one square within another, the inner square 
in one picture being to the right and in the other to the left of 
the centre of the larger square, and the corners of these squares 

connected as inFig.351, 
then if the cards are 
put in a stereoscope so 
that one is viewed with 
the left eye and the 
other with the right eye, 
it is easy to see that 
the appearance must 
be that of a prismatic 
block, the inner square 
being nearer the ob- 
server than the outer. By interchanging the cards so that the 
left-hand one is seen by the right eye, and vice versa, the 
appearance becomes that of a hollow 
tube. 

337. If a stereoscopic photograph is 
taken of a piece of carving in relief, 
and viewed with the pictures correctly 
placed, the appearance of relief, of 
course, will be produced. But if the 
pictures are interchanged, so that the 
picture taken in. the right-hand camera 
is viewed ]?y the left eye and vice versa, 
an appearance of intaglio will result. 

This reversed relief is known as pseudo- 
scopic, 

Wheatstone’s pseudoscope was con- 
structed by mounting two “erecting 
prisms,” one before each eye, as in 
Fig. 352, each to cause the left side 
of the object viewed to appear to the 
right Then, on looking at any geometrical figure — such as a 
cone or a spiral viewed from a point on the axis, or a medal in 
high relief — the relief was reversed. 




Fig. 352.— Pseudoscope, 
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This experiment can be so easily repeated, that it is well worth 
setting up. 

Apparatus.— Two right-angle prisms^ (or erecting prisms); 
some brass wire about No. i6 gauge, and nippers to cut an4 
bend it with ; some plain paper ; a support for the prisms, e.^. ^ 
box about i8" high to put on the table; some simple objects, 
e.g. a metal card tray, a photo frame, a ball, an egg-cup. 

For the pseudoscope it is only necessary to put the two right- 
angle prisms on the box on the table, with their hypotenuses 
about two inches apart, and approximately parallel. Now look 
through them at some such object as a pencil held up vertically 
at a distance of about a foot (the pencil must be seen by 
reflection) ; adjust the distance apart, and the inclination of the 
prisms until the pencil is seen comfortably as a single object. The 
objects to be viewed must all be held in about the same position. 

A very effective object is a hollow paper cone, about two inches 
diameter at the base, and three or four inches high. It is best 
held on a wire handle, as the illusion 
is spoilt if the object is held in the 
hand. Make a ring of wire two inches 
diameter, and leave two or three 
inches of the wire attached to form 
a handle. Attach the paper cone to 
the ring with gummed paper. If this is looked at through the 

prisms, it will appear hollow when 
the point is towards the observer, and 
vice versa. If it is slowly rotated, it 
will appear in some positions as 
though the paper is transparent. 
Geometrical models of wire ax^ also 
easily seen reversed. They should 
have wire handles, so that the observer's hand does not appear, 

A ball will appear to be a cup, and a cup will appear to be 
a ball. 

But the most effective objects are probably stamped meta} 
trays (sold for vraiters, ci^x trays, etc.). As these are nearly 

that wfll do fairly well at 3d. each. 




Fig. 353. 
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the same back and front, the imagination has no difficulty in 
realising the pseudoscopic image, and every one at once sees 
the tray reversed. 

The Fovea Centralis. 

338. The light after passing the crystalline lens and falling on the 
retina of an eye has first to pass a network of nerves and blood- 
vessels before it reaches the rods and cones. That is to say, the 
surface of the retina is placed the reverse of what would naturally be 
expected, the sensitive ends of the nerve fibres, the rods and cones, 
being below the nerves leading from them to the optic nerves as well as 
below the network of blood-vessels which feed them. But in the axis 
of the eye there is a spot which is free from this layer, and contains 
rods only and no cones, and for which the vision is much more acute 
than it is on the rest of the surface. That is to say, the defining power 
of this portion of the eye is greater. Its sensitiveness to light is not 
quite so good, and Abney has shown that its relative sensitiveness to 
the three primary colour sensations is not the same as that of the rest 
of the eye. 

This spot may be observed if the light from a candle is reflected 
from the observer into another person’s eye, who sits facing him at a 
short distance. If both observer and patient can fix their eyes at 
infinity, no lenses will be required, but as the observer expects to see 
this spot at the distance of the retina, he only focusses his eye at that 
distance, and possibly the patient also focusses his eye at a short 
distance, and thus a clear image of the spot is impossible. In this 
case a concave lens will be needed. It is very difficult to siee the 
fovea unless the pupil of the eye is dilated. 

Apparatus . — A special instrument called an ophthalmoscope 
is used by oculists for this examination, which constitutes an 
important branch of ophthalmic work. It consists of a concave 
mirror with an aperture in the centre. 

The patient is placed with his back to a candle flame which 
is reflected by the mirror and focussed on the eye. A series of 
lenses fitted in a rotating diaphragm of varying focal length can 
be brought into position over the hole, and the observer rotates 
this until he finds one to suit his sight. The back of the eye 
will then appear as a pink background traversed by blood-vessels 
and the centre spot is the Fovea Centralis. 

The fact that the central spot is not so sensitive to light as 
the surrounding part of the retina probably been noticed by 
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every one watching a faint star on a clear night. If a star is so 
faint that it can hardly be seen, it will generally be seen much 
more easily if the attention is turned — that is to say, the axis of 
the eye directed, to a star in its neighbourhood. It has frequently 
been noticed that a poster which could not be read on the 
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Fig. 355. —Examination of the Fovea Centralis of the Kye, E. F, candle; MM, concave 
mirror with a small central hole ; L, lens ; O, observer. 

opposite side of a railway station owing to insufficient light, could 
be made out by looking slightly to the side. 

The increased distinctness of vision over this spot of the retina 
is a matter of everyday observation. 

Chromatic Error. 

339. The eye is by no means achromatic. 

1. If a window is observed by the right eye, the left eye being 
closed, and a finger is moved across the eye from* right to left, 
one side of each window bar will appear distinctly coloured blue, 
and the opposite side yellow. If the finger is moved in the 
opposite direction, the colours will be reversed. 

2, If a spectrum is thrown upon a screen by a lantern using 
an achromatic lens, and the screen being square with the lens 
so that the width is uniform from end to end, the spectrum will 
always appear to get wider towards the violet end. If a good 
picture — a good diagram, for instance — is thrown upon the screen 
with a violet light, it will be found impossible to focus it when 
standing a few feet away ; the violet light is converged so strongly 
by the eye, that it is impossible to accommodate the eye to view 
violet by it at any distance. A concave lens will at once allow it 
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to be focussed sharply, showing that it was not due to insufficient 
light merely. 

3- If a distant object is viewed through a combination of 
coloured films which allows only the violet end of the spectrum 
to pass, it will be found that however brilliantly illuminated the 
object may be it cannot be distinctly seen. 

4. A red spot on a blue ground seems to be raised above the 
surface of the background, whilst a blue spot on a red ground 
•seems depressed. This is due to the necessity for altering the 
curvatures of the crystalline lens in adjusting its focus for the red 
and blue respectively. 

As we estimate distances partly by the convergence of the axes of 
the two eyes, that is stereoscopically, and partly by the curvature 
which we have to impress, by the ciliary^ muscle, upon the lens, it is 
obvious that the necessity for altering the focus of this lens must give 
the idea of a change in distance. 

5. By projecting a spectrum on to a screen formed from a 
V-slit so that the image on the screen consists of a brilliant V 

having each limb drawn 
out horizontally into a 
spectrum, this image 
will seem to be in high 
relief, the red nearer 
and the violet farther 
fr )in the observer. 

6. Look at the 
filament of an incan- 
descent lamp through 
cobalt blue glass. This 
glass transmits both red 
and blue ends of the 
spectrum. When the observer is so near that he can focus the 
blue distinctly, but that his accommodation is not sufficient to 
enable him to focus the red (the eye being, as these experiments 
show, of less power for red rays than for violet), he will find the 
filament appears blue with a red border. At a distance at which 
he can still focus the red, but at which his accommocfetion is too 



Fig. 356. — The Spectrum formed from a V-slxt seems in 
relief. 
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small to enable him also to focus the violet, the converse - will 
appear. At a greater distance still, say 20 feet, where it becomes 
impossible even approximately to focus the violet, he will still be 
able to obtain a distinct, red image of the filament; but each 
point of the filament, through this error, will form a large diffusion 
circle of violet light ; and these circles will be so large that the 
whole bulb will appear filled with a violet glow. 

This experiment illustrates the fact that it is impossible at short 
distances, even, for instance, the distance at which we nominally place 
distinct vision — 10 inches — to clearly focus an object in red light. 

7. If the filament is looked at through a deep red glass, this 
impossibility will be even more strongly illustrated. 

Several other experiments illustrating this defect are given in 
Bidwelhs Curiosities of fight ajid Vision. Foster’s Text-Book of 
Physiology (Macmillan) may be consulted for experiments upon 
complementary colours, optic il illusions, after-images, and other 
physiological matters in connection with the eye. 

Images are seen inverted by the Eye. 

340. Apparatus . — Thin card ; pins ; paper. 

I. Thu images are seen inverted by the eye is most easily 
shown by holding a piece of card with a pin-hole in it at a 



Fig. 357. — Inversion of I FiG 358.— -Window seen through Pin- 
on the Retina. ■ hole, showing the shadow of the Pin, 

which seems inverted. 


distance of half an inch or an inch from the eye with one hand 
in front of a window, and passing a pin between the card and 
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the eye with the other hand. The light from the hole in the 
card will spread on to the retina and the shadow of the pin 
will be cast upon the retina as it moves across. This shadow 
of course moves across the retina in the same direction as the 


pin, but it appears to move in the opposite direction. When the 
shadow of the pin is cast on the retina, if the pin be gradually 
moved until its head appears, the shadow will appear upside 
down. It must, of course, be erect on the retina. Thus, a 
shadow which is really erect on the retina appears inverted. 
Evidently then, as on the ground glass of an ordinary camera, the 

images of the objects 
are always formed on 
the retina in an in- 
verted position, and 
we have learnt to 
interpret them accord- 
ingly. 

2. The same ex- 
periment may be per- 
formed by making 
three pin-holes form- 
ing an equilateral 
triangle in a piece of paper, each side of which is about i 
mm. If this be held between the eye and the card with the 
single pin-hole, the light vvill be allowed to pass through in 
three rays and form three spots on the retina, which, will be 
in the same relative position as the triangle itself. If, for 
instance, the triangle is held with its vertex uppermost, these 
spots will be similarly arranged. But they will appear inverted. 



359- — Triangle of 
Pinholes to be substituted 
for the Pin. 


Fig. 360. — The Triangle 
formed by the three spots 
of light on the Retina seems 
inverted. 


.Accommodation-— Long and Short Sight, 

341. The greater part of the refraction in the eye takes place at the 
first entry of the light through the cornea. This outer surface can easily 
be seen to be more convex than the general surface of the eye by looking 
sideways at some one’s eye. The light then passes through the iris, 
which has the power of expanding or contracting so as to keep the 
intensity of the light falling on tlie retina as nearly constant as possible, 
then through the crystalline lens. This lens is of the nature of a stiff 
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jelly, and is naturally kept flat by muscles connected to its rim, and to 
the side of the eye. Surrounding the lens is a ciliary muscle, by the 
contraction of which the circumference is diminished and the lens 
caused to bulge, thus increasing its power. When looking at a near 
object, this increased power enables the more divergent wave from the 
near object to be sufficiently converged to focus on the retina. When 
the object observed is at a greater- distance, the wave reaching the eye 
is flatter, and a lens of less power is needed to produce the right 
convergence still to focus it upon the retina. This is managed by 
relaxing the ciliary muscle. 

When, therefore, a person is reading for any considerable time, this 
ciliary muscle is kept in a state of tension for that time, and if this is 
persisted in for many years, it is easily seen that the eyesight is likely 
to suffer. 

As age advances, this muscle loses its power of contraction and the 
“accommodation” diminishes. By “accommodation” is understood 
this power of focussing the eye for objects at varying distances. 

342. To Measure the Accommodatioii. 

Apparatus , — Optical bench; convex lens of 10 inches focus; 
screen with small print on stand. 

Place the eye dose to a lens of about 10 inches focus, supported 
on the optical bench, and put a card, on which is some small 
print, in a stand. Look 
through the lens, and draw 
the card forward until the 
position at which it last 
ceases to be seen dis- 
tinctly is attained. Note 
this position. Repeat the 
determination of this posi- 
tion some half a dozen 
times, withdrawing it from 
the lens and Imnging it up * 
again, so that the^ readings shall be as perfectly independent 
as poSsiWe, and take its mean position. Now withdraw the 
card to the greatest distance at which it can be distinctly 
seen, and find that position in the same way. 

Note the position of the lens, add having found the index error, 
obtain the two distances from the lens. * Take the reciprocals of 
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these in metres. The difference between these results is the 
accommodation. 

343. i. Slxort Signt. — If a short-sighted person tries this experi- 
ment, he will find that the two distances from the lens of nearest 
and furthest vision are each smaller than those found by a person of 
normal sight, but the accommodation will be the same as for a 
normal-sighted person of the same age. 

It follows, therefore, that if a short-sighted person be given a 
lens which will make the farthest^ of these distances the same as 
the farthest distance for a normal-sighted person, he will have the 
same range of vision. 

The farthest distance at which the card can be distinctly read by a 
normal-sighted person will be generally a little greater than the focal 
length of the lens. This shows that the eye is able to focus clearly 
not only the light from an object at an infinite distance, that is, a 
plane wave, but also to focus a wave that is slightly converging. If, 
however, a short-sighted person is given a glass that wll enable him 
to focus a plane wave, it will be quite sufficient. 

If the power of the lens used in the experiment is supposed to be 
5 dioptres, and the reciprocal of the greatest distance of the card from 
the lens at which the short-sighted person could see it clearly were 
7*5 dioptres, he would require a concave lens of 2*5 dioptres to make 
his sight normal. 

ii. Old Age. — If an old man tries this experiment, he will find 
that the difference between the reciprocals of the distance of the 
card from the lens — that is, the difference between the curvature 
of the light entering his eye for farthest and nearest vision — is 
much smaller. The accommodation is less. No lens, therefore, 
will make his eyesight entirely normal. He may require two 
lenses. (If his accommodation is half the normal accommodation, 
this would be sufficient to enable him to see at all distances.) 
His accommodation, however, will finally almost disappear, and 
then he will require a different lens for each different distance. 
Usually he will be content with two lenses, one to enable him to 
see distinctly at about 15 inches, for reading purposes, and another 
to see distinctly at about as many feet, for use out of doors. 

iii. Long Sight. — Some persons suffer from the opposite’ defect to 
short sight— namely, hypermetropia. This must not be confused 
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with the loss of accommodation caused by old age. With these 
patients, the distances for nearest and longest vision will be 
each longer than the distances for a person of normal eyesight. 
The accommodation will be the same. This error in vision may 
be perfectly corrected by the use of a convex lens of such a 
power that the longest distance of distinct vision is made normal ; 
that is, the power of the lens must be the difference between 
the curvature of the light-wave from this greatest distance when 
it reaches the lens, and the power of the lens used in the 
experiment. 

Astigmatism. 

344. Nearly every eye is slightly astigmatic ; that is to say, very few 
eyes indeed are perfectly symmetrical about their axes. This can be 
shown by taking a cylindrical lens of very low power, say 0*25 dioptre 
(see p. 57), and holding it before the eye, rotate it slowly while observing 
some distant small print. It will, perhaps, seem more indistinct in 
every position than when viewed with the naked eye alone, but as the 
lens is rotated, in certain positions the indistinctness will be more 
marked than in others. Were the eye perfect, the orientation of this 
cylindrical lens could make no ditference. If the print is distinctly 
clearer in one position of the lens than it is without the lens, a stronger 
lens of 075 dioptre should be tried. If with this lens it is more distinct 
than with the naked eye, especially if the student suffers at all from 
headache, there is no doubt that his eyes are seriously at fault, and he 
should consult a specialist without dela>^ 

Astigmatism is due to the power of the lens being a little greater in 
one direction than in another. Thus, for instance, if the lens is slightly 
flatter in a horizontal section than in a vertical direction, vertical lines, 
which are focussed at a distance depending upon the horizontal section, 
will be focussed at a greater distance than horizontal ones. Both 
lines of a cross drawn on a card would riot be focussed perfectly at 
the same time — but either the vertical or the horizontal line could be 
focussed at will. 

Apparatus ,^ — Convex lem of short focal length (say, six inches), 
stand for the same ; whHe card with a series of parallel lines on 
It, and stand ; scale or optical bench. 

345^^ for — If the convex lens is placed 

clc^e front pf the eye (as in Fig. 361), and a welWllumihated 
card oh which ate a series of horizontal lines is gradually 
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approached to the lens, it will be found that at a certain distance 
it becomes impossible to retain the lines in focus. If the card 
be now turned through a right angle, so that the lines become 
vertical, and the distance found at which they again become 
indistinct (the eye throughout being kept close to the lens), this 
distance will often be found slightly different from the previous 
one. Also, if the farthest distances be determined at which they 
can be clearly focussed, the distances will usually be different in 
the case of the horizontal and vertical lines respectively. 

Take thq reciprocals of these distances, and knowing the power 
(see p. 57) of the lens, determine the curvature of the light 
entering the eye in each of these four cases. 

The difference between the curvatures when the horizontal 
lines are nearest and when they are farthest measures the ac- 
commodation of the eye. 

Similarly, the difference of the curvatures when the vertical 
lines are nearest and farthest, measures the accommodation of the 
eye. These numbers should agree. 

The difference between the curvatures of the horizontal and vertical 
waves measures the astigmatism in one direction, but is not necessarily 
the true astigmatism of the eye, because the greatest and least powers 
of the lens may not be horizontal and vertical, but may be oblique. 

346. Meaaiirement of Astaginatifiin. — Placing the card at the greatest 
distance at which it is clear, rotate it and see if in any position it 
can be seen at a still greater distance ; if so take this distance. 
Then turn it through a right angle and again find the greatest 
distance at which it is visible. The difference between the curva- 
tures in these two positions will more approximately measure the 
astigmatism of the eye, but the variation in the accommodation 
will generally upset the measurements. It is further supposed 
by many that the eye possesses in its ciliary muscles, a power 
of adjusting the curvature not only as a whole but locally, and 
thus by these muscles it is able to slightly correct the natural 
astigmatism of the lens. 

To find the astigmatism it is necessary, therefore, to avoid th 
confusion caused by accommodation, and it is usual to fix atten- 
tion upon a fan of radiating lines, and with a seriers fyjitidrical 
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lenses discover which will cause all the lines to be equally black 
and clear. Special instruments have been devised to measure 
the variation in curvature of the cornea in different meridians 
(which is the chief cause of astigmatism) called “Ophthalmo- 
meters ” or “ Keratometers.” The astigmatism can also be found 
by retinoscopy (see § 170). 

Having found the difference between the curvatures, a lens 
the power of which in one direction is that amount, that is a 
cylindrical lens, will have to be added to the eye to increase its 
power in the required direction. 

The correction of slight astigmatism by the ciliary muscles, or 
the attempt to correct it, produces a strain upon those muscles 
which is one of the most frequent and troublesome causes of 
headache. 

Colour Vision. 

347. Experiments iUustraliag Absorption of Ligbt.—(a) Make a solu- 
tion of alkaline litmus and another of chromate of potash. These 
will be found with a spectroscope to remove the yellow and the 
blue, respectively, from white light; a mixture will therefore 
leave red and green. Or, the two solutions may be placed in 
flat vessels one behind the other. Pass white light through them, 
it will appear yellow. (A yellow disc can be projected on a 
screen by passing the light of a lantern through the solutions.) 
Examine a sodium flame through the solutions one behind the 
other ; it is invisible. 

( 3 ) Another yellow liquid similar in appearance can be made 
with a mixture of bichromate of potash, permanganate of potash, 
and copper sulphate, or chloride; cutting out the green, blue, 
and red, respectively, and leaving a yellow, l^ok through this 
at a white light and at a sodium flame; 

(c) Place this yellow liquid behind the other one,^ and look 
through them. They are practici.lly opaque. 

{£) Dissolve cuprip chloride in dilute hydrochloric acid; and 
also dye some amyl alqphol with an aniline red. Place these 
two ip 4 flat -and oork it up. The amyl alcohol 

pn top of cppric chloride, and the two solutions 

4 '"3 ^ January, 1871, 
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will appear red and green respectively. Shake them up, and 
they will become black. 

(e) Dissolve two parts of copper sulphate, in twenty -of water, 
and add ammonia until the precipitate is just dissolved! This 
gives a good blue solution, cutting off the red end of the spectrum. 
Make a solution of potassium ferro-cyanide. This gives a good 
red solution. The two solutions, one in front of the other, 
produce black. 

348. Becompositioii of Liglit — (a) In front of a gas flame, or a 
piece of ground glass lighted by a window, or other white light, 



Fig. 362. 363. 


place a blue and yellow glass side by side, and examine them 
with a double image prism. This will cause part of the blue 
and yellow to overlap. Where they overlap white light will result. 
(If two lanterns are available, blue and yellow patches may be 
caused to overlap, one from each lantern, when again white will 
result.) If placed in front of one another, on a piece of ground 
glass, the blue and yellow frequently give green. A collodion 
film stained with methylene blue is better for this purpose than 
blue glass. 

To produce this film, a piece of clean glass must be thoroughly 
dried; and a pool of pure collodion is poured on the middle of 
the glass, such as is sold for photographic purposes (the cheap 
collodion is opaque when dry). The glass must be held by one 
corner between the thumb and finger of the left hand, as in 
Fig. 362. By tilting the glass, the pool is caused to flow, firstly 
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to the corner opposite C, then counterciock-wise round the plate 
to the corner D, then to A, where the plate is held. Lastly, the 
excess is poured from the fourth and nearest comer B back into 
the bottle. The plate is slightly rocked while it is being poured 
off to avoid the collodion becoming streaked. In about a minute, 
before the collodion is thoroughly dry, it must be dipped in the 
staining solution (or the dyes may be mixed with the collodion).^ 
{b) Examine with the spectroscope the solutions above men- 
tioned and explain the results. Also examine films dyed with 



Fig, 364. — Examination of the Absorption produced by Coloured Films. 


the following aniline colours : magenta, rosaniline, rhodamine, 
eosine — which leave the red and part of the blue end of the 
spectrum; chrysoidine, chrysophenine, cutting the blue end of 
the spectrum ; picric acid, which cuts the ultra violet ; and 
methylene blue, and malachite green, which cut the red end of 
the spectrum.^ 

The films, or solutions, may be placed half covering the slit of 
the spectrometer, or the small right-angled comparison prism 

1 Instead of collodion, an ordinary unexposed gelatine photograpbic plate, that 
has been cleaned in “ hypo,’^ may be stained by immersion for several hours in an 
aqueous s^olution of the dye. 

2 Small specimens in bottles of these dyes can be obtained of Messrs. Hartington 
Bros., 4 OUvffli^s Yard, City Road* at about 6d. each, containing enough dye for 
hundreds of films. 

Stained gelatine blips, snob a^ are on Christmas crackers, also make excel- 
lent colour ^tbsorp^ion sctpens. 

Mei^srsi s«$i smalt bottles with worked flat sides, which are useful for 

introdping in front of the slit of the spectrometer. 
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may be adjusted in front of the slit (as in Fig. 364), so that two 
spectra, one of which has suffered absorption by the film and 
the other of which is left unaffected, may be seen the one above 
the other, and a curve drawn showing approximately the absorp- 
tion of each solution. 

Knowing the colours left by each film independently, it is easy 
to predict what will occur when they are bound two or three 
together; and films may easily be arranged to give any colour 
effects that are desired. 

The resolving power of the eye was discussed in § 268 ; the colour 
sensitiveness in § 325. 



CHAPTER XXI 

POLARISED LIGHT 


Experiments on the Polarisation of Light. 

349. Apparatus , — The polariscope used in the following experi- 
ments may be easily made of wood. To a base board about 
6 inches square, attach two uprights, 
each about 12 inches high and f 
inch by i inch section. On the 
top of these fasten a stage, EF, 
also 6 inches square, having a 
hole -I inch in diameter at its 
centre. About 6 inches from the 
top, fix a horizontal glass plate, D, 
to act as a platform, and at about 
4 inches from the bottom hinge 
another glass plate, A, about 5 
inches square. An ordinary silvered 
mirror, B, about 4 or 5 inches 
square is placed on the bottom ; 
and a piece of zinc, Z, is bent 
round partly to inclose the space 
between the platform at the top 
and the glass stage. The zinc may 
be attached to the stand by a sort 
of bayonet joint, P, so that it can 
easily be removed. Cut a hole 
about 3 inches in diameter in the 
thin piece of wood 6 inches square, and fasten this to the top 
of the table, EF. The glass plate, A, can easily be hinged 
by inserting it in saw cuts made in small wooden blocks , as 
indicated in Fig. 365. Cut a black card to lie on the glass 

C.L. 2F 



Fig. 365. — Norremberg Doubles 
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Stage, D, with a hole J inch in diameter vertically under the hole 
in the top board. Draw lines on the top stage, EF, parallel to 
the sides, which would, if produced, pass through the centre of 
the circles, and also lines bisecting the angles between these, so 
as to mark every 45'*. 

Fitting easily in the 3 inch circle of the platform, EF, make 
three wooden discs each with a ^ inch hole through its centre, 
of the same thickness as the board in which the 3 inch hole was 
made. To one of these, E^ (Fig. 366), attach two uprights, 
and hinge between them in the same way as before, a . small 
mirror, C (Fig. 366), about 1 inch by i| inches, either of black 
glass, or of glass blackened at the back, with the reflecting sur- 
fece downwards. On another disc, Eg Fg, between two similar 



Fig. 366. —Fittings for Polariscopc. 


uprights, support a “pile of plates,"' T, of micro-cover glass at an 
angle of about 53“. The glasses used by botanists, about 2 inches 
by I inch, answer perfectly for this purpose. To the third 
Eg Fg, attach a short tube which just fits a small nicol's N — 
one of those sold for attachment to the microscope is sufficiently 
large. 

In addition to the polariscope, two rhombs of Iceland spar of 
about ^ inch side, a second nicol, and a pair of tourmalines will 
be required ; protractor, piece of spar cut perpendicular to the 
axis mounted in cork ; tinfoil ; two sewing needles stuck into a 
wood block with their points outwards and in the same vertical 
line. 

350. Use of Pcdarisaope. — (a) Set up the polariscope in front of 
window so that the light from the sky^ shall be — 

1. Reflected vertically down from the inclined glass plate, A A 
(Fig. 367). 

2. Reflected vertically up from the silvered mirror, B. 

1 At night a sheet of white oard may be set up in front of the instrument, with 
a goo(J light illmninating it. 
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3. Partly transmitted by the glass plate, AA. 

Note. — N early all the light is returned by the plate to the 

but a small portion is transmitted. 

4. Reflected by the black glass plate, 

C, into the eye. 

(^) Without otherwise moving anything 
rotate the top black glass round a vertical 
axis, and observe the effect on the light. 

In* two positions the light will be 
nearly extinguished, and in two positions 
it will have maximum brightness. 

Draw a diagram to indicate clearly the 
two positions in which it is dark, and the 
two in which it is bright. 

Definition . — If plane polarised light be 
incident at the angle of polarisation on a 
glass surface (and the plane of incidence be 
varied by rotating the glass while the angle 
of incidence be kept the same), the jUane of 
incidence in which the light is best reflected is 
the plane of polarisation of the incident light. 

351. Kane of Polarisation. — (a) Examine the light transmitted 
by the plate A, and using the above definition, find its plane of 
polarisation. Also state, with reasons, whether the polarisation 
produced by the plate A was produced by (i) reflection down 
to B, or (2) the transmission through A. 

(b) Replac^e the black glass mirror, C, by the pile of plates, 
draw digrams as in Experiment, § 350, and compare them 
with those obtained in that experiment. 

$how that the? planes of polarisation of reflected and trans- 
mitted light are at right angles. 

352. Brewster Iaw. — R eplace the black glass minor, and turn 

it to extinction. Now without rotating its plane alter its inclina^ 
tiqni and that of the plate A, until the centre of the field is quite 
dark, and thus endeavour to find the angle of polarisation. 
Measure this angle with a protiactxir; and using the formula 
given by Brewster— tan 

fihd the refractive index trf die glassy 
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DouldB EsfirsiCtioiL”””^^?) Exsiniii© til© sm^ll rliomli of Ic6~ 
land spar— there are eight angular points; see that at six of 
these corners, there are two acute and one obtuse angle, but at 

the other two, which are diagonally 
opposite one another, there are 
three obtuse angles. If the rhomb 
has all its edges equal the line 
joining these two points is the optic 
axis of the crystal. Draw the 
crystal. 

ip) Make a small black dot on 
a piece of paper, and place one 
of the rhombs upon it. You will 
see two dots. Draw a diagram 
of the crystal as seen from above, 
inserting in the drawing, the optic axis, and the line joining the 
dots. Notice carefully the relation of these two lines. 

{c) Rotate the crystal and draw a diagram of the appearance 
every 90*. Which dot moves ? 

(f) Raise the rhomb gradually from the 
paper, and notice carefully any change in 
position of the dots. Does their distance 
apart alter? Hence show by diagrams 
in a vertical plane the course of the rays 
to the eye, 

(e) Set up the block with the two 
needles so that their points are vertically 
over a black dot on a piece of paper 

(Fig. 369). Pl^e the rhomb over the 

dot, and using the needles as a guide, 
observe which of the two dots coincides . 

. . T j ^ ro-1 ji ^ ^ 3^9* ~ 

With the Ongm3-l OOt. 1 he dot that between the Ordinary and Ex- 

coincides is . called the one formed by images. 

the ordinary ray, and the other is formed by the extraordinary 

See that it is the ordinary ray that remains still when the 
is rotated. 

Look carefully at the apparent positions of the two dots in 





Fig- 368. — Iceland Spar. 
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the crystal One will be seen to be higher than the other. 
Which is it? Hence which refractive index is the greater — that 
of the ordinary ray or that of the extraordinary ray ? 

354. i. Polarisation “by Double Refraction. — (a) Make a pin-hole 
in a piece of tinfoil, and lay it on the stage of the polariscope 
(Fig. 365). Place a spar rhomb on it, and looking directly down 
through the hole in the top stage, observe the effect of rotating 
the rhomb. Hence show that the light of each dot is polarised. 
Which ray is polarised in the plane containing the two dots ? 

(^) Place the rhomb on a black dot on a piece of white paper, 
and examine with the “pile of plates” the two dots produced. 
Remembering the plane of polarisation of the transmitted light, 
see whether your results agree with those obtained by the last 
method. 

(^) Place a second rhomb over the first, and draw diagrams of 
the appearance of the dots at every rotation of 45“ of the upper 
rhomb. In particular explain the positions of the /wi? dots in 
each of the four positions in which only two are left. 

(^f) Test your explanation by examining these two dots with 
the pile of plates. 

ii. The Optic Axis. — Place the piece of spat^ cut at right angles to 
the optic axis, on a black dot or a pin-hole in tinfoil, and see that 
it does not divide the light into two. Test 
the light and see if it is polarised. 

iii. Rlcors Prism. — (a) Place the nicoi's 
prism on the upper stage of the polariscope, 
and find the plane of polarisation of the light 
it transmits. Is it along the line AB? 

{b) See that two nicols produce ipaore 
oompi^te ^inction than can be got with the 
rdSeoting pdiariscppe. 

355* Tos^r?^^esi'---Examit)e the pair of tourmalines. Set them 
to aiiow tte li^t to pass, and extoiine it with a nicoL See that it 
is plane polatised. Note dmt the light they transmit is coloured. 
(Hence for most purposes they are inferior to a nicol.) See that 
they produce very complete extinction. 



Fig. 37a — Nicol’s Prism. 
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Coloors of Thin Plates. 

556. Appc^ratus* — Polariscope; mica and selenite films; double- 
im^e prism ; Fox’s wedge. 

i. Mica and Selenite Plates. — (^) Set up the polariscope with a 
nicol as analyser (/.e. in place of the pile of plates or the mirror C), 

and arrange it to extinguish the light. 

J Also tilt the glass reflector, A, till the 

extinction is as complete as possible. 

(b) Place a thin piece of mica or selenite 
on the stage, and note that colour is 
produced. 

(^r) Rotate the mica and see that in 
four positions at right angles it has no 
effect In each of these four positions, 
rotate the nicol, and see that the effect 
is precisely the same as if the mica were 
not present. 

{d) Place the nicol once more to 
extinction, and rotate the mica; note 
that the colour is brightest at angles half- 
way between the positions at which it has 
no effect. 

(tf) Leave the mica in the position in 
which it has the greatest effect and rotate 
the nicol. Notice that when it is turned 
45^" the mica once more has no effect ; on rotating another 45 
the colour is again bright, but is the complementary of wh^t 
it was at first 

ii. ]><mbl6 naage Prism. — (a) Replace the nicol by the double 
image prism and see that the separate half images vary in the 
same way as those produced above, also that they are always 
complementary, and therefore where they overlap they form white. 
Note that the actual tint of the halves changes suddenly to its 
complementary, and that till that change they only vary^by having 
more or less white mixed with them. 

{b) Replace the mica by other pieces and note that the colour 
depends on the thickness. 



FiG.37t. — Polariscope arrang^ 
with a Nicol's Prism, N. 
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Fig. 372,— Method of 
arranginir the Mica Filins 
to form a Fox’s Wedge. 



iii. Fox Wedge. — Place the Fox wedge on the sts^e and note the 
colour changes. See that the colours pro- 
duced proceed as in Newton^s rings, and 
that in this wedge there are two orders of 
colour. (The wedges are made by cement- 
ing equal thicknesses of mica together so as 
to form a flight of steps each rising by an equal amount, see 
p. 461, Exercise 4, and §395.) 

357. In all the above cases plane polarised light falls on the crystal 
(mica) and is, in general, at once split into two beams, polarised in 

planes at right angles to one another, 
which may or njay not be of equal 
intensity. These two rays travel 
through the crystal with difierent 
velocities, and, reaching the other 
side, have therefore gained or lost 
some fraction of a wave-length on 
one another. Here they recombine. 

If either of the planes of polarisation 
of the light in the crystal happens to 
coincide with the plane of polarisation 
of the, incident light, of course there will be only one ray in the 
crystal. In this case, there can be no interference, whatever the 
thickness of the crystal. Hence, in four positions at right angles, 
the crystal has no effect as in Experiment § 356, i. {c). 

If the plane of the incident light bisects the angle between the 
planes of polarisation of the light in the crystal, as in Fig. 374, the two 
rays will be of equal intensity. In 
this case, the interference effects will 
^ inqst marked j fbr should one ray 
.^^y g?iin kalf a wave-length, 

completely. 

If gaw any whole number 

of of any colour over 

t]he other ray, tha^t colour will merge 
in aame relative ^fcase as it 
entered, will combine therefore 

into a vibration in the same plane. , . . - 

So that^ if the ni<fol is crossed, that is, if it is arranged for ex^ncti<m, 
that dark ; or, if the field had been bright th£^ 

colour i^ptll remafe bright • 


Fig. 373.~0A, amplitude and direc- 
tion of a vibration incident on the 
crystal ; O P, OQ, amplitudes and direc- 
tions of vibration of the two components 
as they enter the crystal. 
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If one ray gains an odd number of half wave-lengths over the 
other for any colour, then suppose OA (Fig. 375 ) be the incident 

vibration ; on entry it is resolved into 



two components at right angles, OP 
and OQ. On emergence, if we suppose 
one component vibration to be in the 
same phase as at entry, to be, for 
instance, at Q' (Fig. 376), the other 
must be in the opposite phase to the 
one at entry ; it will thus be at the 


Fig. 375. — Decomposition of a ray at 
incidence on a crystal. 


other end of its swing at P'. The 
resultant of the component displace- 


ments OQ' and OP' will he the displacement OB. Also, as the 
component displacements at emergence will be along OQ' and OP', 

and will be equal in amount to those 

at incidence along OQ and OP, the 
resultant displacement will always be 
along OB. Therefore the resultant 
vibration will be along OB. That is, 
it is still plane polarised, but in a 
different plane. If, in addition, the 
angle AOP (Fig. 375) is 45", it will be 
polarised in a plane at right angles, 

since the Z-A'OB is double the z-A'OQ'. v r .u 

j t 376.— Recomposition of the 

Therefore, in a dark field, this colour Hght on emergence from a crystal 

(being rotated 90') will appear bright, f ofc 

and dark in a bright field. Thus, we 

see why the colour depends on the thickness and why it changes to 
its complementary on rotating the analyser through a right angle. 

If one ray gains i wave-length oh 




the other for some colour, then Q 
will be in the middle of its swing 
when P is at the end of its swing, 
and vice versa. Hence, as they 
are at right angles and of equal 
amplitude, the resultant will be a 
circular vibration (Fig. 377). The 
colour will therefore appear equally 
bright with all positions of the 
analyser. This is called drctoarly 


Fro. 377,.— R^coaroosition of two com- polajlflod light. (This can Only be 
quarter of a oa time, and should be therefore 
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observed with a sodium flame.) A film of mica of such a thickness 
that it produces this effect is called a Quarter Wave Plate. 

If the gain is no exact wave-length, ^ wave-length, or J wave-length, 
the emergent light will have an elliptic 
vibration,* and be called elUptically 
polarised light. Such a colour will 
increase and fade as the nicol is 
rotated, but in no position can it be 
completely extinguished. 

If the gain were J wave-length, but 
the axes in the mica were not at 45® 
with the plane of the incident light, 
the amplitudes of the two rays OP, 

OQ, would be unequal (Fig. 378). 

The effect would again be that the 
vibrations of the emergent light would be elliptic and not circular. 

358. i. Norremberg Doubler. — Place the mica film (§ 356, i.) on the 
mirror B. The colour will in general be quite different. The 
light now has to pass twice through the mica, and, therefore, as 
the ray which travelled most slowjy on going down will again 
travel most slowly after reflection, it will lose twice as much as it 
would do were the mica on the stfige D. The effect is thus the 
same as if a film of double thickness had been placed on D. 

This form of polariscope is often called the Norremberg “doubler” 
in consequence of this action. 

ii. Quarter Wave Hate. — {a) Examine a quarter wave plate of 
mica on the stage D (Fig. 365), using a sodium flame. On rotating 
the analyser see that the intensity remains unchanged, [The 
mica must have its axes at 45” with the plane of polarisation.] 

(f) Place the quarter wave plate on B, and see that it is bright 
in a dark field, and dark in a bright one, ue. it acts as a half 
wave plate. 

iii. Half Wave Plate. — {d) Place a half wave plate (/.<?. a film of 
mica of a thickness that delays one component of the light half 
a period) on D, and see that it behaves as ii, {b), 

{b) Place it on B and note the efti|cts. 

iv. Cause of Difference of Pliase.^(^l) Take a small piece of mica 
of uniform thickness and scratch line on it parallel to thei 
direction in which it has no effect, cut it in two along some line 



Fig. 378. — Elliptic vibration caused 
by a quarter wave plate, when the 
components have equal amplitudes. 
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(such as the dotted one). Place the pieces on one another with 
the scratch on each parallel and place it at 45*" as usual Note 
the colour when on D (in white light). Now place a single piece 
on B and see that you get the same colour. 

(Jb) Take the same two pieces, but this time place them so that 
the scratch on one is perpendicular to the scratch on the other. 
Place the pair on either stage and see that it has no effect on the 
light in any position. Explain this. 

To produce the Polarisation of Light with a Plate of Spar cut 
normally to the Axis, using the difference between the 
Critical Angles of the Ordinary and Extraordinary Rays. 

359. Apparatus.— k plate of Iceland spar cut perpendicular to 
the axis as large and as thin as can be obtained ; a glass trough 



Fig. 379. — Pol.-irisatlon Ijy Critical Reflection. 


with parallel sides at sufficient distance apart to allow the spar to 
be placed obliquely between them ; ^ carbon bisulphide or some 
alpha-mono-bro mo-naphthalene; a nicol or double-image prism. 

Theory , — The refractive index of spar is given in the following table : 


Rays. 

Kxtraordinary 

Ray. 

Ordinary 

Ray. 

A. 

1-4828 

1-6501 

C 

1-4847 

1-6545 

D. 

1.4864 

1-6585 

F, 

1-4908 

1-6679 

G. 

I -4945 

1-6762 


1 In place of the trough a glass beaker, or better^ a tube with a plain glass bottom* 
may be set up with its axis vertical, and the spar placed in this at the angle of no® 
with this vertical axis, and then the carbon bisulphide poured in until its surface is 
above the* spar; it will be foiind that the light coming up vertically through the 
spar is polarised. 
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The refractive index of alpha-mono-bromo-naphthalene at 20® C. for 
the D line is 1*6582, which is almost identical with the refractive index 
of the ordinary ray in spar. Thus the critical angle for the ordinary 
ray is 90®, and for the extraordinary ray is about 64® (p. 28). The 
refractive index of carbon bisulphide is 1*67, and the critical angles 
are 83® and 62® respectively for yellow light 

Experiment — If, therefore, the spar is placed in the cell with its 
plane vertical, and making an angle of about 70* with the face of 
the trough, and if the trough is filled with either of these liquids, 
the light from a distant source falling upon the surface of the 



Fig. 380. -'Polarisation by CriticaJi 'I^eflection. 


glass normally will enter the liquid, and when it reaches the 
surface of the spar the extraordinary ray will strike the surface at 
an angle greater than the critical angle, and therefore will be 
entirely reflected. The ordinary ray will pass almost straight 
through it, as the refractive index of the ordinary ray in the spar 
is nearly the same as that in the liquid. 

Examine each of the beams, the transmitted and reflected, with 
a nicol, and see.that they are polarised in planes perpendicular 
another, the ordinary ray being pokri^d in the principal 
plane^ which is . the plane of incidence, since the optic axis 
coincklas the ndrtnal; \ 

Jamin suggested di^ts arrangement as a polarising apparatus 
(instead of the nicors prism), but liquid prisms are awkward to 
u$e. Feussner made one of glass and spar (Nature^ March 27, 
1884), but as he was unable to find a cement of sufficiently h^h 
refractive itidex the prism was not very successful The reflected 
beam will only be perfectly polarised if the refractive index is 
absolutely identical in the spar and the liquid. 
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Polarising Prisms. 


360. The following table gives the angular field for a number of 
polarising prisms : 



Angular Aper- 
ture of Fiwd. 

Inclination of 
Section to 
Long Axis. 

Ratio of Length 
to clear 
Aperture. 

I. The Old Prisms. 

I. Nicol . - - . 

29" 

22® 

3*28 

2. Shortened Nicol. 

{a) Cemented with Can. bal. 

^3 

25 

2*83 

(3) „ „ copaiba „ 

24 

25 

2*83 

3. Nicol with perp^ ends- 
{a) With Canada balsam 

20 

15 

3-73 

(^) With cement of index of 
refraction 1*523 • 

27 

15 

3*73 

4. Foucault Prism - - - 

8 

40 

1-528 

5. Hartnach. 

(a) Original form 

35 

I5'9 

3-5 1 

(i) With largest field - 

41*9 

13-9 

404 

(^) Shorter piece of spar 

30 

17*4 

3-i8 

(^) j» j> 

20 

20*3 

2-70 

6 . Gians Prism 

7.9 

50-3 

•831 

II. New Feussner Prism. 

I. With calc, spar - 

44 

13*2 

4*26 

2. ti 11 ' ~ 

30 

17*4 

319 

3- “ 

20 

20*3 

2-70 

4. With nitrate of soda - 

54 

167 

3’53 

5* »» »’ " " 

30 

24 

2-25 


20 

27 

1-96 


The apertures in IL are calculated ones. It is impossible to obtain 
large slices of nitrate of soda, and only smaH prisms therefore are 
possible with this. 

The commercial nicoPs prisms have angular apertures of about 26® as 
a rule, as has also the ordinary commercial Hartnach. 
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ADDITIONAL EXERCISES ON CHAPTER XXI 


1. Examine the Jight reflected from the surface of water with 

nicol’s prism. It can' C ' ’ 

incidence, but not «o lefifjtl^fri 

the angle of polarisation. 

2. Stand a board vertically ii L_th| _ 

mark the direction in which ther 3 lec?e 3 fayT§ pf 
polarisation is most compJ^^niThfJ^^ along wt 
the boar^ will mark wa^r ; th|_^ 

polarisation can be measured, and hence th^'refrac 
water determined by Brewster’s law (§ 352). 

3. Examine with a nicol the light reflected from a ] 
shiny book, leather, and any other polished surfaces. 


4. Make*a Fox’s wedge. Split off as large a sheet of mica as can 
be obtained.^ Its thickness must be uniform, and as nearly as possible 
about J wave-length. This thickness will, when placed on the stage D, 
cause a dark field to become grey, but will give no colour. On the 
lower stage it should, of course, act as a J-wave plate. (It is not 
absolutely necessary that it should be jJ-wave.) Place it on the polari- 
scope, and mark the direction in which it produces the most effect. 
Cut it into rectangles parallel to this direction, each rectangle being 
about i inch in one direction, and in the other direction J, 1^, J inch, 
and so on. These rectangles are now to be mounted upon a microscope 
slide, one upon another to form a flig^ht of steps (Fig. 372), with Canada 
balsam dissolved in benzol or xylol. Leave them until the balsam is 
set ; and then cover them with an ordinary thin glass, with more 
balsam. Be careful not to displace them in so doing. 


^To split mica, insert a thin needle, perpendicular to an edge, about in the 
middle of one side, and then work it each way to split off the film So produced. 
By watching the Newion*s rings which are seen where the films are stejparating, it 
is easy to see if th^filp is splftting properly. Any discontinuity fonni^ in these 
rings, indicates a change in tl^ thickn^s, of the film. B^ore the film, it 

must be examined with a poladscope, and if the thickness is not uhiilfifi all over, 
a scratch must be Imade ^rrbhndmg the part which is of one thidIttMfM, aud the 
rectangles must all he cut from this piece, so that each step in ™ #edge may 
increase by an equal ilmounl The wedge, of Experiment § 350 (iii.) is supposed to 
have sixteen films. The soutcbes will all disappear when the films arfe mounted 
in Canada balsam. 
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Saccliariinetry. 

361. Apparatus . — A tube to contain the substance under 
examination about 20 cms. long, ^ inch in diameter, and closed 
with worked glass ends- — patent plate will do — (it will probably be 
simplest to procure this tube ready made) ; pair of nicol s prisms, 
which may be those supplied for use in a microscope, having a clear 
aperture of about ^ to fV 1 ^ biquartz ; these are to be 



Fic;. 381. — Saccharimeter. 


mounted on a short optical bench similar to that in Fig. 51; 
beakers; cane sugar; a convex lens of about 4 inch focus; an 
incandescent gas lame. 

The tube is supported on a pair of V's. The biquartz is fitted 
in a hole in the stand D, and against this is the convex lens. 
One of the nicors prisms is supported in stand E behind the 
biquartz. At the end of this prism is a piece of card with a small 
aperture about ^ cm. in diameter. A short brass tube, which will 
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just fit the cork in which the other nicol is mounted, is inserted 
in a hole in the stand A, in which it can be rotated smoothly. 
(If this hole is lined with cloth it will make the motion smoother.) 
A hole into which the brass tube will fit is cut in a piece of card- 
board about I inch wide, and the tube pushed through it so that 
when the brass tube containing the nicol is rotated in the hole in 
the stand A, this piece of card will be carried with it, and act as 
a pointer. 

A divided circle, such as that ordinarily used for magneto- 
meters, is attached to the stand A, and the card is cut just to 
reach the graduations of this circle. A pair of arrows are 
drawn on the card at opposite ends of a diameter. By always 
taking the readings of both arrows, errors of centring will be 
eliminated. 

Make a ro per cent, sugar solution — that is a solution contain- 
ing 10 per cent, of sugar by weight and go of water. The 
solution must be perfectly transparent, and, if necessary, be filtered 
and left to settle. It must not only be free from dust but 
optically transparent ; that is to say, of uniform composition, and 
therefore also of uniform refractive index. 

The incandescent gas flame is placed behind E to illuminate 
the aperture, and the distance of D from E adjusted until the 
image of this aperture is formed at A. The tube for the sugar 
solution being removed the nicol in A is rotated until the halves 
of the biquartz are of the same colour. Tint of passage. The 
readii^s of both pointers are then taken. 

Fill the tube with the sugar solution. If the tube h^ been 
washed in ordinary water, a film of wat^r will remain imide the 
tube, and on putting in the sugmr solution would mh with it and 
alter the strength of the s<dtition. Th^efore ^ small quantity of 
sugar scflption should be put in and' Well sh^en up in the tube. 
A plug of cotton wool may be pushed backwards and forwards 
thoroughly to temove the film of water. Pour this away. Again 
’ paHly fill the tube and notice if the solution remains transparent, 
or whether objects seen through it appear hazy. If so^ the tute 
was not quite clean and must be farther 4nsed with sugar solu- 
tion, this al^ being thrown away. Lastly, fill it right up, insert 
the tube between the stand A tuid the biquartz as in Fig. 381, and 
looki% thresh the nicol A, the halves of the biqu^jrte wilj no 
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longer be of the same tint. Rotate the nicol in A until the 
equality is restored and obtain the reading. 

Both this reading and the reading with the tube removed 
should be repeated several times, the mean of each being taken. 
The difference between the reading with and without the solution, 
of course, measures the rotation caused by the solution. As the 
rotation is very small the readings will have to be taken very 
carefully to obtain any trustworthy results at all. 

The rotation is proportional to the percentage of sugar and also 
to the length of the tube. Thus, with the tube 30 cms. long, the 
rotation produced will be three times as great as would be given 
by a tube 10 cms. long, filled with the same strength solution. A 
twenty per cent, solution will give a rotation twice as great as a 
ten per cent, solution. Dividing the rotation produced by the 
percentage strength of your solution and by the length of your 
tube in centimetres, will give the rotation per centimetre of a one 
per cent, solution. 

362. With the same apparatus, by replacing the biquartz with a 
half-shadow analyser, the saccharimeter of Laurent can be imitated. 
One form of half-shadow polariser is formed by inserting in half 
the field a piece of quartz or spar, cut parallel to the axis and of 
such a thickness that it produces a retardation of half a wave- 
length between the ordinary and extraordinary rays. The other 
half of the field contains a glass plate of sufficient thickness to 
absorb the yellow light to the same extent as the quartz. A half- 
wave plate cut parallel to the axis decomposes a beam of polarised 
light into two components, one polarised in a plane parallel to the 
axis and the other perpendicular to it, and delays one of these 
half a wave-length. Thus, if OA (Fig. 375) is the plane of 
polarisation of the light which enters the plate, it is decomposed at 
once into the two components OQ and OP. When it reaches the 
other side one of these, OP, for instance, has been delayed half 
a wave-length relatively to the other, and it is relatively in the 
opposite phase. If, therefore, one component is represented by 
OQ' (Fig. 376), on reaching the other side the other component will 
be represented by OP'. These will recombine into OB' on 
emergence. The angle between OA, the plane of polarisation of 
the incident light, and OB', the plane of polarisation of the emergent 
ligbi, is double the angle between the plane of OA and the plane 
OP containing the optic axis. Thus, if OA in Fig. 375 is the 
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plane of polarisation of the incident light, the light emergent from 
the quartz will be polarised in the plane OB', whilst that emergent 
from the glass which has no effect upon the plane will still be in 
the plane OA. Thus the plane of polarisation of the light in the 
halves of the polariscope will make an angle with one another, 
which is twice that between the plane of polarisation of the nicol 
E and the axis of the quartz in the analyser. 

Fix this analyser in D in place of the biquartz (Fig. 381), and 
point it at a sodium flame. On looking through the nicol A (the 
tubes being removed), the two halves of the analyser will in 
general appear unequally bright. As the plate is a half-wave 
plate only for yellow light, it will be necessary to use a cell 
containing bichromate of potash, or a strong yellow solution, if 
a sodium flame is not used for the illuminant. Rotate the nicol 
in A until its plane of polarisation is either parallel or perpen- 
dicular to the bisector of the angle BOA'. The two halves of 
the analyser will now appear equally bright or dark. Keeping 
the nicol in A fixed, rotating E will vary the angle AOB', and 
therefore vary the intensity of the light transmitted by A, and 
therefore the sensitiveness of the instrument. It is most sensitive 
>^hen the field is nearly but not quite dark. 

t)n introducing the sugar solution the light is equally rotated 
by the solution in both halves of the field, and therefore rota- 
tioij^of the nicol in A in the same direction will be necessary to 
restore the equality; the amount of this rotation is, of course, 
equal to that produced by the solution which we wish to 
determine. 

363- A half-wave plate may be made by splitting a film of mica 
of the right thickness, and in this case, a piece of cover glass will be 
Shfficteni t6 groduce the same absorption as the mic£^ or a second 
piece of mica cut from the same sheet with the optifc axis at a 
slightly different, inclination. 

The Hns att^hed to 0 and the stop at E are ipore nikSs^^, 
for ^ l^urent ppla^scope than the ^leil in order to nlake 
flie IS^d fs e^ly illuminated, and indeed, without 
|[kiehT^i|4r hleol ar w£^ be necessary, and a flame giving a 
ii^|#nnation over an area of would be required. The 
ihatmment is sn&aently like the One described to 
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need no further comment. The formula given by T ollens for the 
percentage of sugar for the length of tube supplied with this 
instrunient is 

. , P==:.74750 -.001723^, 

where & is the angle of rotation of the plane of polarisation in 
degrees. 

fThe weight c of 100 c.c. of sugar is given by ^ 

£•= .730636 4 - *00076662. ^ 

' , 364. In another form of Jialf-shadow apparatus due to Uppidi, 
there second small nicol, Ng, oriented so that the direction 
of vj^fen of the light coming through it makes a small angle with 
that emerging from the polariser. When the analyser is set so 
that its plane of polarisation is perpendicular to the bisector of 
the ai^le between the planes of the two nicols, the observer sees 
b^h halves of the diaphragm equally illuminated. This is the 
of the apparatus. 

. Ip ^till another form due to LandoXt there are two small 
i>ehirKi the polariser dividing the field into three. This 
^ tip avc^d errors caused by the variable sensitiveness of the 
of the observer. In looking at a field, one half of which is 
^ght and the other half dark, the part of the retina upon which 
^^im^e of the bright half of the field falls becomes fatigued ; 
if the two halves could now be suddenly made equally bright, 
half which was originally brighter would appear darker than 
fhe other. In other words, the balance will seem to be obtained 
when this Imlf is really brighter than the othe^. But if the fiyif 
is divided into three, of which the two outer strips are equ^ 
either both darker or both brighter than the. central strpj^fy' 
4»ng att^tion alternately on the one or the other divid^;^e, 
fatigue, Effort actually helps to increase the sensitiveness, #pr 
^ part" of the retina which was fatigued by the brighle^^ ^trip 
when one dividing lin6 is observed, is the part upon whft^ the 
duller light fails whto, the eye is to the other dividing 

line. ' ' — _ ' _ • •' 
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FURTHER EXPERIMENTS ON POLARISED LIGHT 

Tlie Refractive Indices of Iceland Spar or Quartz, by 
tbe Microscope Method. 

^66. Being: given a section perpendicular to tOie optic ajds. 

Apparatus . — Microscope; tinfoil; millimetre scale; section of 
Spar or Quartz cut perpendicular to the axis. 

Put a piece of tinfoil with a small cross cut in it, against the 
lower surface of the spar, and place them upon the stage of the 
microscope. Focus the cross seen through the spar with a or \ ' 
objective. It will be found that two images are formed vertically 
above one another. 

367. This seems strange at first sight, as one would expect that along 
the axis of the crystal there would be no double refraction ; but it must 
be remembered that the objective embraces a cone of rays, and that 
the light starting from the pin-hole will form two wave surfaces which 
touch one another on the axis, but have different radii of curvature 
there. When a spherical wave reaches the boundary between two 
media, its curvature is altered. If that boundary be a plane surface, 
the ratio of the radii of curvature is the ratio of the refractive indices 
Df the two media. Consider first the ordinary wave. The radius of 
curvature when it reaches the upper surface of the crystal will be the 
real thickness of the crystal b. Its radius of curvature in the air will 
3e the apparent thickness of the crystal and the ratio of one to the 
)ther will be the refractive index. Thus we obtain at once the 
•efractive index of the ordinary wave : 

b 
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Consider next the extraordinary wave surface. It is a spheroid of 
revolution having the cross as the centre. Its surface near the axis is 

therefore approximately a part of a sphere of radius where a and b 

b 


are the major and minor semi-axis in the case of spar, or are the semi- 
axes respectively perpendicular and parallel to the optic axis in the 

case of any uni-axial crystal, as its 
section in any plane containing the 
axis is an ellipse, of which the optic 
axis is one of the axes. If, therefore, 
this wave could pass into air without 
any change of shape, the image of the 

cross would appear at a depth of 

b 

But it is obvious, since the velocity in the direction of the axis is 
increased in the ratio of the velocity in air to the axial velocity in the 
crystal — that is in the ratio of the refractive index of the ordinary 
wave to I — that the curvature in air is increased also in this propor- 



tion. That IS to say, the radius of curvature is diminished to — 

i^o 

of its value, and, therefore, becomes 

^ JL 

‘ /Xo ”* * >0 


_ 

b 


^b. 




^ since a : b 


JL 



-b ^ 

which is therefore the apparent depth of the extraordinary image. 
Calling this we have, 

d,=b.f, 

re 




which gives /x^ when /Xq has been found. 




As the images of the cross will tend to confuse one another, it 
is difficult to obtain the correct focus. But if a nicol prism is 
placed above the objective (or above the eye piece) with its plane 
of polarisation parallel to an arm of the cross, it will be found 
:hat that arm of the cross can only be seen in the ordinary image, 



FURTHER EXPERIMENTS ON POLARISED LIGHT 469 

and the other arm of the cross only in the extraordinary image, 
that is, one arm of the cross will appear raised above the other arm. 
It will thus be easy to determine the apparent depths, and 
of these images. 

368. If the above theory is not quite clear, the following will per- 
haps help : 

Let O be a point on the lower surface of the crystal and AMB be 
the upper surface of the crystal. 

Imagine for a moment that the crystal extends above AMB, and 
let FADBH be the extraordinary surface for a wave spreading from O 



Fig, 383. 


just after the wave has passed M. The part ADB may then be con- 
sidered to be a small portion of a sphere, of which the centre is at Ci 

and of which the radius is given by where a and b are the major 

and minor axes respectively of the ellipse FADBH, Le, OH and OD. 




(i) 


Then AMB being a chord of this sphere, 

AM 2 = DM . (2QD -DM) = 2 . DM . C^D (ii) 

when DM is small. 

On emerging into the air, however, at AMB, the light begins to travel 
with a greater velocity, and the wave will therefore spread to AEB 
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instead of to ADB, where ME is to MD as the velocity of light in air 
is to the velocity in the spar along OD {ue, to the velocity of the 
ordinary ray in spar), or inversely as the refractive index of air is to 
that of the ordinary ray. 

ME 


But AEB will be approximately a sphere, of which the centre is at 


C^, where as before 


AM2=2.EM.C2E, 


AM* . 

2 . DM . CjD , ...V 


± 

OD' 

JL £5! 


=-L ttL* b 


■> t>y (i). 


when MD is infinitely small. 

Since OH and OD are respectively proportional to the velocities of 
light along OH and OD, and therefore inversely proportional to the 
refi:active indices along these lines. 

Thus, as C^E is ultimately the apparent depth of the image of O 
formed by the extraordinary ray below the surface of the crystal, if 
this is determined i^th a microscope, as in § 25, page 34, we have 

^=L. 

IH d,' 


369. aecllon paiaJld to ibe Optic Axis. — In this case a small cross 
must be cut in the tinfoil, and the crystal laid upon it so that 
its axis may be parallel to one of the arms of the cross. Place 
this on the stage of the microscope and focus it as before, the 
extraordinary wave surface will this time have different curvatures 
along and perpendicular to the axis, and thus the image of the 
cross formed by the extraordinary ray will be astigmatic. . The 
image formed by the ordinary ray will be formed by an ordinary 
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Spherical wave. These images will partly confuse one another, 
and they will more easily be observed if first one and then the 
other is cut off, by placing over the eye- 
piece of the microscope a small nicol 
prism. When its plane is parallel to the 
axis of the crystal, it will transmit only 
the ordinary wave. In this case, the 
image of the cross will appear as a cross 
with the two arms equally distinct, and 
the apparent depth can be determined 
as usual. This will give the ordinary refractive index. 



Fig. 384. 


_ real depth _ a 
apparent depth 

(This time calling the thickness of the crystal a, as it is the 
major axis of the ellipse. ) 

Turning the nicol now, so that its plane is perpendicular to 
the axes of the crystal, the extraordinary image will be obtained. 
This, as above remarked, will be astigmatic, the section of the 
extraordinary wave surface being a circle in a plane perpendicular 
to the optic axes and an ellipse in the plane containing the optic 
axis, and thus its radii of curvature in these two planes will be 

a and respectively, when a and b are, as before, j*the semi-axes 
a 

of the spheroid perpendicular to and along its optic axis respec- 
tively. Thus the two arms of the cross will not both be in focus 
at the same depth. 


The position of the arm parallel to the optic axis will be determined 
by thoJ refraction in the plane perpendicular to this. Consider, there- 
fore, the circular section of the wave whose radius was a. The velocity 
of this wave normal to the surface, which is that of the extraordinary 
wave perpendicular to the optic axis, is increased in the ratio to i. 
Thus the curvature of this wave is increased also in that ratio, and the 


apparent distance of the image will therefore be or, calling thife 
distance ^ 

Now consider the arm of the cross perpendicular to the axis of the 
crystal. The image of this arm will be detmnined by the refraction 
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in the plane containing the optic axis ; for the refraction perpendicular 
to this plane will only have the effect of elongating the image of each 
point on it in the direction of its length ; it, therefore, will not intro- 
duce any haziness, but merely slightly increase the apparent length of 
the line. In the plane of the optic axis the radius of curvature is 


— . As the normal velocity on passing into the air is increased in the 
a 


ratio /ie to i, the apparent depth will become 

Calling the apparent depth in this case ^2, the thickness being <z, 
we have , — 

and/.o=V5*=;7|7; 


If the cross had been observed without the nicol prism, two images 
of each line would have been formed, and the experiment would be 
impossible, as, being equally bright and at different depths, in no 
position would they appear sharply defined. 


Convergent Polarised Light. 

370. Apparatus . — Tourmaline pincet ; a piece of spar cut per- 
pendicular to the axis, a piece of quartz cut perpendicular to the 
axis (the biquartz of the saccharimeter will do) ; any other crystal 
that can be obtained may, of course, be examined.^ 

The simplest apparatus is an ordinary tourmaline pincet. This 
is usually made by mounting a pair of ordinary tourmalines in 
brass rings, which are then supported facing one another in a 
bent wire spring. They are sold for examining the “pebble” 
(quartz) lenses sold by opticians, to see if they are cut per- 
pendicularly to the axis. 

If the crystal to be examined be placed between the two tour- 
malines and held close to the eye facing the light, the rings and 
brushes can be observed in most cases. 

Two or three crystals are quite easily worked, and it is interesting 
to mount them for oneself. The simplest of these is the sugar crystal, 
grown on a string, and sold by confectioners as sugar candy. If the 
shopkeeper can be persuaded to allow his stock to be looked through, 
there will be no difficulty finding several suitable crystals. These 
crystals are about the shape shown, and if mounted with Canada 
balsam, with a piece of cover glass on each of the large faces, the 

1 Crystals for this purpose can be obtained from Messrs. Steeg and Rutter of 
Homberg Vor der Hohe, or from Newton of Fleet Street, E.C. 
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rings and brushes can be easily seen. Generally the surface is rather 
opaque owing to loss of moisture, and has to be removed. This can 
be done by grinding it on a piece of very fine ground glass. Ordinary 
ground glass is useless for this purpose, but if two pieces of plate glass 
are ground together with coarse emery until 
the surface becomes matt, it will do very 
well. The sugar crystals are to be rubbed 
on this, using a small quantity of water. It 
must be remembered that when mounted 
with the balsam between glass plates, any 
slight opacity in the surface will disappear if it is due merely to 
scratches. This crystal is biaxial, and one optic axis will be found 
to be perpendicular to the surface. 

Another crystal which can be easily obtained and worked and gives 
beautiful rings is ordinary nitre. Specimens of these crystals may be 
obtained from an oilman. He will generally allow you to look over 
his barrel of nitre and select any crystals you wish. The crystals are 
long pointed ones, and are generally filled with striae running length- 
wise. A crystal which is free from these striae should be foimd, and 
then a slice will have to be sawn off it, perpendicular to the long axis 
of the crystal. This can be done with an iron wire stretched on a 
fret-saw frame worked with emery and water. If too much water is 
used and there are any striae, the crystal will generally break up. A 
slice of about one-eighth or three-sixteenths of an inch thick should 
be cut off. This may then be rubbed on a piece of flat lead with 
coarse emery and water, to rather more than thick, then rubbed 
on the plate glass with a little water until the coarse scratches are 
removed. To see if it is really cut perpendicular to the long axis, it 
must be examined in the pincet. It is a biaxial crystal, and if cut as 
directed the section will be normal to the bisector of the optic axis. 
It will probably be too opaque to see any trace of rings, but if a 
handkerchief be stretched over the plate glass, the centre of the hand- 
kerchief wetted and then the crystal rubbed to and fro across this 
part, it will be found easy to obtain a sort of polish, sufficient to make 
the rings fairly clearly seen. Generally it will be fotmd that the crystal 
is not quite correctly cut ; if the rings are visible at all, they appear to 
be in one comer of the field, and it is necessary to tilt the crystal in 
order to bring them to the centre of the field. Note how the crystal 
is tilted, and grind it accordingly until the rings become central. A 
slight touch should then be given once more on the glass plate, and 
the crystal mounted between two pieces of micro-cover glass with 
Canada balsam, without any polishing on the handkerchief. The 
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scratches left by the glass will be filled in by the balsam, and will 
not be visible, while the polish produced by the wet handkerchief 
through it removes the scratches and leaves the surface undulating. 

Another cr^-stal which can easily be obtained is the yellow prussiate 
of potash, potassium ferro-cyanide. But it s necessary to use a very 
large crystal, as the double refraction is very slight, and unless the 
crystal is large the rings will have very great diameter. It should be 
from three-sixteenths to a quarter of an inch thick, and, of course, must 
be perfectly transparent. The crystals split easily into flat flakes, and 
the natural surface may be left undisturbed, mounting a thin cover 
glass on each face to assist the transparency. 

A good crystal of aragonite, about an eighth to three-sixteenths of 
an inch thick, should be procured, cut perpendicular to one of the optic 
axes, for the examination of internal and external conical refraction. 

Harder crystals can be cut with an iron wire and emery, ground 
with a series of emeries on a flat piece of brass with water, alcohol, 
or petrol, and polished with rouge on a stretched cloth with water, 
or on paper dry with tripoli. 

371. Experiments , — Begin with the spar crystal cut perpendicular 
to the axis. Hold the tourmalines up to the eye and rotate one of 
them. As it is turned round the field will become alternately bright 
and dark. Place it in the position in which it is as dark as possible. 
Now introduce the spar between the two tourmalines and look 
through. A series of concentric circular rings will appear some- 
what similar to Newton’s system of rings. These will be crossed 
by two black brushes at right angles to one another. Rotate the 
crystal without interfering with the tourmalines. No movement 
of the rings or brushes will take place. (If the crystal is not cut 
quite perpendicular to the axis the rings will not be quite in the 
centre of the field, and as the crystal is rotated they will move 
about slightly, but the brush will always pass through the centre 
of the rings and will not alter its direction.) 

If the tourmaline be revolved as a whole, the crystal either being 
held still or being allowed to revolve, the brushes will move with 
the pincet, showing that the direction of the brushes depends upon 
the position of the tourmalines, and not upon that of the crystal 

Spar is a crystal which is symmetrical about its optic axis, so 
that rotating it about this axis can have no effect on the rings and 
brushes produced. 
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372. To explain this appearance, let us suppose a vibration to start 
from a point O on the upper surface of the crystal, spreading in all 
directions through the crystal, and let OA be the direction of the 
optic axis. In any given direction such as OP other than the optic 
axis, this vibration from O will travel with two different velocities, 
one of which is the same whatever the direction of OP may be. The 
other varies with this direction, being generally greater ; but in the 
direction of the axis this latter velocity becomes equal to the former. 
So that the vibration from O spreads in a given time on to two wave 
surfaces, one of which is a sphere having O as centre and OA as 
radius, the other a spheroid, of which OA is the minor axis. In the 
direction OP at this moment, one vibration takes place at P' and 
the other at P" The vibration at P" would be to and fro along the 
line in the plane of the paper perpendicular to OP' indicated by the 



arrows. The vibration at P' will be to and fro along a line perpen- 
dicular to the plane of the paper. So that the original vibration at O, 
which is to proceed in the direction of OP, is to be decomposed into 
two, one in the plane of the paper and the other perpendicular to it. 
The relative size of these two components will depend upon the 
direction of the vibration at O. If the point O vibrated in the plane 
of the paper there could be no component perpendicular to the plane 
of the paper, and the amplitude of the vibration at P' would be zero 
and that at P" a maximum. On the other hand, if the vibration at O 
had been perpendicular to the plane of the paper, the amplitude of 
the vibration at P" would be zero and that at P' a maximum. It is 
only ^dien the vibration at O is neither in nor perpendicular to the 
planfe OP that both vibrations P' and P" will exist. IfJ therefore, 
light polarised by passing through a tourmaline or nicol prism enters 
at O, and that prism is slowly rotated, when the plane of polarisation 
coincides with the paper — that is, when the light vibrates perpendicular 
to the plane of the paper — only a vibration at P' will be produced. 
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As the nicol is rotated, P' will gradually diminish and P" increase 
until, when the nicol has been rotated 45", the two amplitudes will 
become equal. On rotating it still further P" will reach its maximum 
and P' disappear. Rotate it another 90® and P' will once more reach 
its maximum. In two positions, 180® apart, P' will 
reach its maximum and P" be zero, whilst in two 
positions bisecting these the opposite will be the 
case. 

Let OB be a line in the plane of the paper, and 
OC a line perpendicular to it, OA standing up at the 
right angles to the plane of the paper, and let OR be 
the direction of the incident vibration. 

Drop perpendiculars from R to OB and OC. Then 
the magnitudes of the vibrations at P" and P' will be 
represented by the lines OB and OC respectively. 
Suppose now the thickness of the crystal such that, by the time it 
reaches the other surface at P, the distance P'P" has become half a 
wave-length, then the vibration OC will arrive at the surface half a 
wave-length behind OB. It will, that is to say, be at the opposite 
end of its swing. So if O'B' is the vibration at P at any instant, the 
corresponding vibration in the plane at right angles to the paper 
will be O'C', and on passing into the air these two 
vibrations will combine into vibration along O'R' ; 
thus the light which emerges from P will be vibrating 
along a line O'R'. That which entered at O was 
vibrating along OR. The effect of the crystal has 
been to turn the plane of pqlarisation through twice 
the angle ROB. This angle will depend upon the 
relative lengths of OB and OC. It will be a right 
angle when OB and OC are equal ; that is, when the 
plane of polarisation of the instant light makes an 
angle of 45® with the plane AGP. In this case the 
effect will be the greatest ; for if the nicol or tourmaline used as an 
analyser were so placed that the light from the polariser if no crystal 
were interposed would be cut off, the revolution of the plane of 
polarisation produced by the crystal through a right angle, would 
just allow it to come through, and thus change dark into light. In 
the same way it would change light into dark. 

If the plane of polarisation is rotated by the crystal through 180® or 
o* the effect of the crystal would be nothing. This will occur if the 
incident vibration is either along OB or OC ; that is, when the plane 
of polarisation of the incident light is in, or perpendicular to, the plane 
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AOP. In two planes at right angles, therefore, the crystal will have 
no effect, and if the two tourmalines or nicols are so placed that 
without the crystal the light is cut off, when the crystal is inserted it 
will still remain dark in these two planes, and there will appear a dark 
“ brush ” forming a cross. 

As the wave surfece is symmetrical about the axis OA, the 'direction 
of OP, for which the distance PT" is half a wave-length, will make 
a constant angle AOP with the axis OA. If the plane AOP is 
imagined to be rotated about OA, all the points P on the face of the 
crystal will lie on a circle, of which the centre is on the axis OA, and 
there will be the same difference of half a wave-length between the 
two waves emerging there. 

At a greater distance from the centre another circle can be drawn 
such that the difference of path is a whole wave ; still further from 
the centre one at which the difference of path will be a wave and 
a half, and so on. At the centre the difference of path is, of course, 
zero. The crystal should have no effect on the light at the centre, and 
again on a circle for which the difference of path is a wave-length, or 
any whole number of wave-lengths. On circles for which the difference 
of path is ij, aj wave-lengths, the effect of the crystal will be a 
maximum. 

So that with monochromatic light, there will be, firstly, a dark 
cross (if the two nicols or tourmalines are set for extinction) extending 
right across the field, and between the arms of this cross will be 
pieces of circles, which are most clearly seen on the lines bisecting 
the arras of the cross, where the dark will be changed into light. 

If the analysing tourmaline be turned through 90° (which would 
make the field bright if there were no crystal) the cross will become 
bright and the pieces of circles on the lines bisecting the arms of the 
cross will change from light into dark. 

When using white light, the circles for which the difference of path 
will be any particular number of half wave-lengths, will be different in 
size for each colour, and the rings seen will be coloured, the colours 
being similar to those seen with Newtofrs rings. A dark or white 
cross will be visible as before. 

373, The rings and brushes in crystals can also be seen with 
an ordinary microscope. 

The sub-stage condenser will give the necessary convergence. 
The crystal is placed on the stage 'knd the light is received by a 
lens of about | or inch focus, which Virill produce the interference 
system of rings in its upper focal plane. To observe these a low 
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power objective is to be screwed in the lowisr end of the draw 
tube, and the draw tube adjusted until the rings are sharply 
focussed, or an additional eye-piece may be mounted above the 
ordinary one. 

For the polariser a single black mirror mounted at an angle of 
53* at the end of a rod takes the place of the ordinary silvered 
mirror, the rod being mounted in a tube so that its axis coincides 
with that of the microscope body. 

The analyser may be placed either above the objective, or 
above the eye-piece, as preferred. 

Using this arrangement, very much smaller crystals will be 
sufficient. 

Some beautiful effects can be produced by growing the crystals on 
the stage of the microscope. The crystals should be mounted on an 
ordinary micro-slide, melting them .as a rule in their own water of 
crystallisation, and then dropping the cover glass on them. Warm 
them, put them under the objective in polarised light, and allow them 
to cool. 

Suitable crystals are : Benzoic acid, phenol-salicylate (rub a crystal 
on the edge to start the growth), paratoluidine, nitro-toltiene, meta- 
dinitrobenzol, ortho- and para-nitrophenol, naphthalene. 


To test whether a Disc or Lens has been properly 
annealed. 

374. This can be done by an arrangement somewhat similar to 
that employed to test the aberrations of a mirror (see § 169). The 



Fig. 389.— Test of Strain in a Len.s. 


light from a large pinhole at S is focussed by the lens to be 
tested at^E. Thus an eye at E would see the lens full of light. 
Two nicols and are placed close to S and E respectively, 
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and turned to extinguish the light. If the lens is not properly 
annealed a bright cross will appear, due to double refraction pro- 
duced in the glass by strain. A plain disc of glass or a weak 
concave lens may be tested by placing it in front of a lens L 



Fig. 390. — Test of Strain in a Plate. 


which has been found to be free from strain, or by placing it in 
front of a convex mirror M, the light and eye being placed close 
to the centre of curvature 0 of the mirror. The light is cut off 
as before by two crossed nicols and Ng placed close to S and 
E respectively, as shown in Fig. 390, 

Internal and External Conical Befraction. 

375. Discussion . — It was shown by Hamilton that, owing to the 
shape of the wave surface in the biaxial crystal, a ray of light incident 
normally on such a crystal cut perpendicular to one of the optic axe 
will on entering the crystal divide not into two rays as usual, but into 
a hollow cone of rays to emerge from the other surface as a hollow 
cylinder. This phenomenon is known as internal conical refraction. 

Also if a ray of light be sent through such a crystal in the direction 
of single-ray velocity, it will emerge not as usual as two rays only, but 
as a hollow cone of rays. . As the cone this time is formed in the air, 
this phenomenon is known as external conical refraction. 

In the figure, let the plane of the paper be the section of wave 
surface in a biaxial crystal containing the optic axis. A plane has 
double contact with the wave surface at M and N in this plane, and 
does not — like an ordinary tangent plane — touch it only at these two 
points, for the point P is a “conical point” on the surface, and the 
tangent plane covers it up and touches the surface all round the peri- 
meter of a circle of contact, of which MN is the diameter ; OM is 
perpendicular to this plane, and is the optic axis of the crystal. Thus 
a plane wave of light travelling through the crystal with this tangent 
plane as its wave surface may have rays in any or all directions fro 
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O to the circumference of this circle of contact ; that is, a hollow cone 
of rays, of which the vertex is O. This cone of rays will have only 

a single wave front. On 
reaching the surface of the 
crystal, this will give rise 
to a wave in the air having 
only a single wave front ; 
so that we should expect 
that a ray incident on the 
crystal in such a direction 
that the refracted wave in 
the crystal is parallel to 
the plane MN, will divide 
in the crystal into a cone of 
rays, and these will emerge 
from the crystal as a hollow 
cylinder of rays. For as 
the cylinder has only one 
wave front, the rays in air 
must be parallel to one 
another. 

Again, a ray which travels through the crystal in the direction OP 
may correspond to an infinite number of waves, for an infinite number 
of waves can be drawn to touch the conical point of the surface at P. 
Thus a ray of light parallel to the line OP when it reaches the 
surfece of the crystal will pursue a direction determined by any one 
of these tangent planes. The emergent beams from any point will 
form a hollow cone. The direction OP from the property just 
mentioned is known as the axis of single-ray velocity. 

The experimental verification of the theory was first accomplished 
by Lloyd. 

376. Experiment — Internal Conical Refraction. — The experiment 
(not at all an easy one) may be performed upon an ordinary micro- 
scope, using a low power to observe the emergent cylinder. A 
biaxial crystal cut perpendicular to one of the optic axes is most 
convenient, e,g, a sugar crystal/ but it is possible to manage 
with a crystal cut as usual perpendicular to the bisector of the 
optic axis if the angle between the axes is not too great. The 
thicker the crystal is the better. A piece of tinfoil P, with a pin- 
hole in it (or preferably a very thin sheet of zinc or brass, with a 
pin-hole drilled in it) is placed against the lower face of the 
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crystal C, which is then laid upon the stage of the microscope 
so that the pin-hole is visible in the field of the objective. It 
may be mounted on some pellets of plasticene, F, F, and so can 
be tilted to get the optic axis about parallel to the axis of the 
microscope. A small cone of rays is used, which may be 
produced by placing a diaphragm L with a small hole, about 
J mm. diameter, upon the sub-stage R, and reflecting the 
light of a sodium flame through it The objective is focussed 
upon either the upper surface of the crystal or a plane slightly 
above. Then two 
dots will be visible. 

On moving the dia- 
phragm on the sub- 
stage about in its own 
plane, these two dots 
will alter their posi- 
tions. 

By considering the 
points of contact of 
a tangent plane to 
the wave surface when 
near the conical point, 
it will be obvious that 
the optic axis is to 
one side of the line 

Fig. 392. 

joining the points of 

contact. On moving the diaphragm about, the direction of the 
line joining the dots will remain constant if the light does not 
enter the crystal in the neighbourhood of the optic axis. But 
when this neighbourhood is reached this line will alter its direc- 
tion rapidly (in somewhat the same way that, when mapping the 
lines, of force of a magnet, a compass needle alters its direction 
in the neighbourhood of the “neutral point,” where the earth’s 
field just neutralises that of the magnet). When the diaphragm, 
is very nearly in the correct position the two dots rotate rapidly 
round one another with the slightest movement of the diaphragm, 
and presently a position will be found in which they suddenly 
enlarge into a continuous circle of light. That the ring in the 

C.L. 2 H 
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air is a section of a cylinder can be shown by raising the body 
of the microscope so as to focus sections of the cylinder at 
different distances from the crystal ; it will be seen that the 
diameter of the circle remains constant in size. With a micro- 
meter eye-piece observe the diameter of this ring. By placing a 
scale on the stage of the instrument, the value of the divisions 
of the eye-piece can be found, and thus the actual diameter of 
the ring will be known. Measure the thickness of the crystal, and 
so knowing MN, the diameter of the ring, and OM, the thickness 

of the crystal, the angle MON 
■ can be found. (It should be 
£ 1“ 55' in the case of arragonite.) 

377. I'he internal conical re- 
fraction can also be observed by 
mounting a convex lens of not 
more than i"' focus at the end of a short tube, closed at the 
other end by a disc with a pin-hole E in its centre, the lens being 
adjusted so that this pin-hole is at its principal focus. Then 
if the pin-hole is held up to the eye, 
the light which is to enter the eye from ^ 
the pin-hole must have been parallel 
when it entered the lens. If, therefore, 
the crystal in which the internal conical 
refraction is to be observed has a pin- 
hole on its further surface, and is held 
in front of the lens facing a sodium 
fiame, and tilted, there will be no neces- 
sity to use a second pin-hole. When 
the inclination is correct the two spots 
into which the light normally divides 
will brighten out into a circular ring, 
which can be seen as a bright circle by 
the eye placed at the pin-hole E. 

378. Observe the ring through a nicol 
prism, or use polarised light to form it. 

Let MQN be the ring, and OM the optic axis. The direction 
of vibration at any point Q on the ring will be parallel to the 
lines QM, QN, M being the extremity of the optic axis and N the 




Fig . 393. 
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opposite end of the diameter. So that at a point Q' diametrically 
opposite to Q, the directions of vibration will be at right angles 
to those at Q ; thus when the nicol prism is turned to extinguish 
the light at Q, that at Q' will be the maximum, and the ring 
will fade away from Q' round to Q. 

379. Extema;i Conical Refraction. — Apparatus as before. 

It is advisable to attach the plate of crystal this time to a glass 
plate on the stage of the microscope, having first pasted a pin- 
hole diaphragm on the lower surface of the crystal. A cone of 
rays must be concentrated upon this pin-hole either by the con- 
cave mirror or by a low-power sub-stage condenser. A second 
pin-hole diaphragm must then be placed upon its upper surface 
and be adjusted until the line joining the two pin-holes is parallel 
to the direction of single-ray velocity in the crystal. The objective 
must be focussed a short distance above the upper surface. On 
looking through the microscope two bright points will be visible, 
caused by the ordinary double refraction ; a slight movement of 
the upper pin-hole will displace these, and if it is nearly in the 
right position will cause them to move round one another. The 
movement is very sensitive, and, as before, when the pin-hole is 
placed correctly, the two dots will open out into a circle. This 
time, on raising or lowering the objective, the circle will alter its 
size, showing it to be a section of a cone and not of a cylinder. 
The angle of the cone can be determined approximately by first 
focussing the objective on the upper pin-hole and then with- 
drawing it a measured distance, and observing the diameter of 
the ring at this distance. (The angular aperture should be 
3® o' 58" for arragonite.) 

If a crystal cut perpendicular to the bisector of the optic axis 
is used for this experiment, it will have to be tilted until the optic 
axis is approximately parallel to the axis of the instrument. 

TMckness of a Film of Mica or other similar Crystalline 
Bi-refracting Plate. 

380. Arrange the apparatus as in §373 to obtain the circular 
rings and brushes with a spar crystal in convergent polarised light. 
Place an eye-piece with a micrometer scale in the observing 
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microscope. Introduce the film, of which the optical thickness 
is required, above the spar. It will deform the rings from circles 
into ellipses. Rotate it to produce its maximum effect — i.e. until 
the plane containing the optic axis is either parallel to or per- 
pendicular to the plane of polarisation of the light entering it. 
Take the readings on the scale in the eye-piece of two or three 
of the rings — say the 8th, 9th and loth. Now rotate the plate 
90° and again read the positions of the same rings. The ratio of 
the displacement of a ring to the distance apart of two consecutive 
rings is double the fraction of the plate. For instance, a quarter 
wave-plate under such conditions will displace a ring by an amount 
equal to half the distance from that ring to the next one. 


To find the Elements of the Ellipse of Elliptically Polarised 
Light hy Stokes' Method.^ 

0 ^ \ 381. Apparatus , — A nicol; 

ff \ ^ crystalline plate of un- 

F jf \ \ known thickness (for instance, 

/ / i \ ^ quarter-wave plate), to pro- 

I j ^ ^ ^ duce the elliptically polarised 

- 7 \ light; a sodium flame; and 
j I / I Stokes’ apparatus for measur- 

: H f a ffl 1 1 n elements of the ellipse. 

■ pL i-i^ j 1 fell latter consists of a fixed 

“ ring A about 5" diameter that 

M il \, / can be attached to the optical 

R V \ bench ; rotating in this is a 

^ \ V ^ if I II I/ divided circle B, which carries 

^ a plate of crystal which is 

J m / approximately a quarter-wave 

7 . jjg exact thickness does 

^1^ y not matter. Rotating on this 

llffni circle again is another circle 

11 ' 'Ij C, which carries one nicol. 

1 L-jV The circle carrying the quarter- 

j I wave plate is divided on both 

||l edges into degrees, which are 

™ numbered from o® to 180®; 

Fig. 395.-stokes' Apparatus. there are pairs of verniers on 


Mag,^ Nov. 185X. 
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the fixed ring 180” apart, and also on the circle C; the one 
divided circle does for both. 

The divided circle B has a tube about 1" in diameter and 2” long 
attached to its face, with the plate at the end, and about half-way 
there is a milled ridge by which it may be rotated. The circle C 
has a tube which fits over the one attached to B, and it can be 
slipped on and off. ^ These tubes form its only bearings. The 
nicol prism is fixed in the end of this tube. The tube is partly 
cut away on each side to allow the inner tube to be rotated. 
Thus, by holding the inner tube through this cut part, the two 
will be rotated together, and by holding the outer tube it can 
be rotated independently. 

Experiment . — Set up in a line the polarising nicol, the thin plate 
to produce the elliptically polarised light and Stokes' apparatus, 



Fig. 396.— Optical Parts of Stokes’ Apparatus. 


and illuminate it with a sodium flame, so that the light may pass 
in succession through the polarising nicol N^, the crystalline plate 
E, the quarter- wave plate W, nicol Ng, and then reach the eye. 

The light which passed through the nicol will emerge plane 
polarised. On reaching E, this will be divided generally into 
two components at right angles, one of these being delayed an 
amount dependent upon the thickness of this plate. They will 
combine on emergence into an elliptically polarised beam, of 
which the axes will be parallel to the planes of polarisation in 
the crystal (which are supposed unknown), and of which the 
magnitude will depend upon its position relatively to the nicol 
Nj. On reaching W this elliptically polarised light will once 
more be decomposed into two components, of which the magni- 
tude and the phase will depend upon the position of the axes of 
W relative to those of the ellipse, and which may be varied 
therefore by rotating W. One, or both, of these components will 
be delayed an amount depending upon the thickness of W. The 
light will emerge generally as elliptically polarised light; but 
as the relative phase of the two components into which the 
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elliptically polarised light from E is first decomposed by W may 
be varied by rotating W, it is possible by placing W in certain 
positions to make this difference of phase either equal and 
opposite to that which E itself introduces, and W will then bring 
them into the same phase ; or to make it such that when added 
to the difference of phase that E introduces, it shall bring them 
into the same phase. There are thus two positions of W which 
will produce plane polarised light. Of course, if W be turned 
through I So"* from either of these positions, the effect will be the 
same, so that in all there are four positions of W in which plane 
polarised light will result, and for these extinction can be 
produced by the nicol N2. 

Place W in any position. The light will probably emerge 
elliptically polarised. Rotate N2, and the light will increase or 
diminish according as its plane is parallel to the major or to 
minor axis of the ellipse. Place it in the minimum position. W 
may be making the axes of the ellipse more nearly equal or more 
unequal. Rotate W very slightly in one direction, say clockwise, 
and again set Ng so that the light may be at a minimum. Notice 
whether this minimum is greater or less than the preceding. If 
the light is now fainter than before, it shows that rotating W 
clockwise was making the ellipse flatter ; if so, continue to rotate 
it in this direction, adjusting Ng each time, and in this way it is 
quite easy to determine the position of both W and Ng for which 
extinction is produced. 

To obtain accurate readings of this position the sodium light 
must be very bright, so that until the exact position is found there 
shall still be some light visible. 

Read the verniers on A and C. Rotate C through about 180“ 
— there obviously should again be darkness. Adjust once more 
to extinction, and again read the verniers. The readings should 
be the same as before. Rotate B through i8o^ carrying C with 
it. Adjust fqr extinction, and again read the verniers. Lastly, 
rotate C through 180“, adjust and read. There will be eight 
vernier readings for the position of A, which should all be the 
same (as B is numbered up to 180" twice), and eight similar read- 
ings for the position for C All these readings of A should be 
the same, and also those of C. 
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Now turn W round, adjusting Ng each time to keep the light 
at a minimum. It will grow to a certain point, and then it 
will be found that it will diminish again, and may be once more 
extinguished. The readings of A and C will be different from 
those previously obtained. Repeat all the readings for the new 
position as above. The readings may be entered as follows : 


Readings of the Verniers on A. Readings of the Verniers on C. 



Tst position. 

2nd position. 

ist position. 

2nd position. 

! 





Sum, 





Mean, 




W4 


There will be eight readings in each- column, and the mean 
of these readings is to be found. Call these means swg, 
5 ^ 8 ? ^4 respectively. These readings are taken from an arbitrary 
zero. 

Find angles and 6^^ <l>^ and <l>^, such that 

j 

<#>1 + ^2 = 90 "- J 

Then />, the difference of path introduced by the crystal W, and 

the ratio of the axes of the ellifise of the polarised light from E, 
a 

are given by 

tan cos p = - tan 26 ^ , 
cos 2ZS • cos 2 ^ = cos 
h 

where tant^ — -. 

a 

382. Theory . — Let OA and OB be the axes of the ellipse of the polar- 
ised light from E, a land b being the semi-major and -minor axes respec- 
tively. Let OX and OY be the directions of vibrations in the crystal 
W, and let the angle XOA be equal to B. We may suppose the light 
from E incident on W to be equivalent to a vibration along 0 A, a cos 
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and one along OB, d sin//. On entering the crystal, these will be 
resolved into < 3 : cos// cos sin// sin along OX 
and - a cos// sin ^ ^ sin// cos 6, along O Y . / 



These are equivalent to 

Acos(//+€i), along OX.\ 

Bcos(//+€ 3 ), along OYJ ^ ^ 

If the plate W is to make this into plane polarised light by introduc- 
ing a relative retardation p, 

(iii) 

and the plane of polarisation will make an angle <j) with OX given by 
f =tan^ (iv) 

We have from (i) and (ii), 

cos^ 0+^^ sin^ 0, \ 

B^=a^ sin^ 0+P cos^ 0. ) 

Tf j. I — tan^^ A^ — . r \ 

Hence cos -g, by (.v) 

= COS 2CT. cos 20. 

Again, from (i) and (ii), 

AB (cos €i cos € 2 + sin Cj sin € 3 ) = - (a^ - d^) sin 0 cos 0, 

or [since 

2 AB 

. cos (€1 - € 2 ) = - cos 2Z5 . sin 20 ,' 
or sin2<jJ). cosp=* -cos 2 C 3 '. sin 2 ^, 

or [using the above value for cos 2 < 3 &], 

tan 2 <^ . cos /)= - tan 20 . 
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Tlie Eainbow. 


383. The elementary theory of the rainbow will be found in 
Presion^s Lights in which it is shown that the deviation produced 
by the reflection and refraction within a sphere is given by 


cos 


-Vs 


>2 - I 


2n 


where n is the number of internal reflections. 

The more complete investigation by Airy is also given in the 
same book, showing that although the ray of minimum deviation 
is given by the above formula, the brightest part of the emergent 
light as seen at a distance will not be upon that line, but there 
will be a series of maxima, the first of which is the true position 
of the rainbow. 

A non-matheniatical student may substitute the following proof, ^ 
which, although not so accurate as Airy\s investigation, gives 
almost the same results. 


It is obvious that as the light emerging from the drop has a ray of 
minimum deviation, whilst those rays on either side are more deviated, 
the wave surface of the emergent light must be curved into a shape 
such as SCS'. 

The equation to a curve of this character must be of the form 
for the part of the curve near the origin, where c is some 
constant. 

Consider the arc CS. The vibration due to it at a distant point P 
on a line making an angle 6 with the axis will be dependent upon that 

of its pole A, with a loss of phase since AP is a minimum. 


iMaacart, TratU vol, i. page 39X. 
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In the same way the arc CS' will be considered equivalent to the 

effect of its pole A with a gain of since this arc is concave. Let 

4 

AT - AP = A = A'A" = 2CB. 



The difference of phase at P, due to the combined effect of this 

loss or gain of ~ and of the extra length of path from A', will be 
4 

« _ A TT 

0 = 27rT • 

A 2 


To find A, let M be any point on the curve whose coordinates 
are x and y, 

CB- MQ=;rsm ^ -j/cos B^x^m 0-cx^ cos 
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For a given value of 6 ^ this will be a minimum when x is given by 
the equation tan O^^cx^ (obtained by differentiating with respect to x). 
This gives the position of the pole A. 

Substituting this value of x in 


or in 
we get 


A = 2 sin ^ —y cos ^), 

A = 2x cos ^(tan 6 - cx^\ 

. /tan 6 ( ^ « tan 

A = 2cos d'y—^yta.n 6 — j 

_ 4 sin d^ltaxi 6 


If A be supposed to be the amplitude due to either pole, the 
resulting amplitude in the direction 6 is 


2 A cos ~ = 2 A cos IT 
2 


/4sin^\/tan^ i\ 
V X. 3 \/^ 4/ 


nearly, if 6 is small. 

It shows that the maximum value is not obtained when ^=0, but 
when this expression in the bracket vanishes, and that there will be a 
series of such maxima. 

The value of the constant c depends upon the size of the drop and 
the order of the bow. 

h 

If we write £’=^, where a is the radius of the drop, the value of 

h for the first bow is 4-96, and the successive values of d can easily be 
calculated. 

If the radius of the jet is to be found by means of a microscope 
with a micrometer eye-piece, it is obvious from Fig. 399 that the 



Fi(i. 399. 


microscope will image the chord A'B', and not the diameter AB, ue, 
give X (Fig. 400) instead of a, [For clearness the front nodal point in 
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Fig. 399 is drawn at an exaggerated distance from the lens.] Calling 
d the distance from the nodal point* to the axis of the jet, we have 





or 

or 




~x^ nearly, 




As Q will have to be positive, the deviation of the light forming 
the primary rainbow must be a little greater than that given by the 
elementary theory ; that is to say, the radius of the primary bow is 
smaller than the ordinary theory would show. 

The experimental verification of this theory was made by Miller, 
Camb, Phil. Tra^is.^ vol. vii, page 277, and can be readily repeated 
(see p. 21). 



APPENDIX II 
Practical Hints. 

384. To cut Glass with a Olazier*s Diamond. — The diamond must 
be held between the first and second fingers of the right hand, the 
tips of these fingers pressing on the upper side of the wood on 
the two flats cut on it, and the tip of the thumb pressing upwards 
on the under flat. 

The inclination of the stem requires generally to be about 60* 
to the glass ; the angle must be found by trial. If it is held too 
upright, the diamond will scratch the surface of the glass only 
■and flake off tiny splinters, the line will look rough ; if held at 
too great a slant, it will not mark the glass except with considerable 
pressure. At the correct inclination it will make a clean scratch, 
and will also as a rule make a quiet hissing noise, which is quite 
easily recognised. The diamond should be drawn steadily along 
the glass, cutting not more than six inches a second. To guide 
it use a straight edge of sufficient thickness to come against the 
rectangular steel block. The diamond should not be drawn twice 
along the same line unless it failed to mark it the first time. If 
it has merely scratched the glass and not cut it, turn it over and 
try again on the other side. There is no great difficulty in the 
matter, and a few trials will soon teach anyone the knack. 

385. To grind OlasB. — The quickest grinding material is sharp 
silver sand and water on an iron plate, in the case of a surface of 
any size. The pressure of the glass imbeds the sand to some 
extent in the metal, and thus enables it to grind. For edges of 
plates, or the end of a tube, the most convenient thing to use 
is a sheet of coarse emery cloth, well moistened with turpentine. 
Do not press too hard or the emery will break off the cloth. 
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386. To fine grind and polish Gla^s or Metal. — The whole art of polish- 
ing depends upon the use of a series of grinding materials each 
finer than the last, and in perfect cleanliness, so that no trace of a 
coarser material shall get in the finer ones, and produce scratches. 
The first grinding having been completed with coarse emery — 
say 60 hole — a finer is used for perhaps a quarter of an hour or 
a little longer, until the scratches of the coarse emery have been 
removed. The polishing is commenced with a flour emery. 

It is first necessary to “wash*' the flour emery A couple of 
ordinary toilet basins are convenient for this. Fill one with water ; 
stir up with the water about a quarter of a pound of flour emery, 
allow it to settle for one minute, and siphon off the liquid with a 
half-inch rubber tube into the second basin, being careful to leave 
the sediment behind with perhaps an inch of water. This sediment 
will contain grit, and must be rejected. Clean out the basin, stir 
up the liquid in the second basin thoroughly, let it settle for five 
minutes, and siphon the top liquid back into the first basin, again 
being careful to leave the sediment behind with say an inch of 
water. This sediment will be used for the first polishing. Leave 
it another few minutes to thoroughly settle, and then carefully 
pour away the inch of water that was left. The muddy sediment 
can then be collected and put in a saucer to dry. AVash out the 
basin. Stir up the water that was siphoned back into the first 
basin; let it settle for ten minutes, and siphon it off into the 
basin that has just been washed out. Proceed as before, putting 
the sediment in a second saucer to dry. Repeat these operations 
twice more, leaving the liquid to settle for twenty minutes and an 
hour respectively. The liquid siphoned off after standing for an 
hour may be thrown away. There will now be four saucers of 
material that have collected after standing five, ten, twenty, and 
sixty minutes respectively* There will not be much of each of 
the last ones, but on the other hand very little is required. The 
grinding with each grade of emery will take perhaps an hour’; it 
must be continued until the scratches left by the preceding grade 

^Fine grinding can be done with carborundum in about a quarter of the time 
that emery takes. The following grades ready prepared should be purchased, and 
about six ‘wets’ of each grade used, viz.: 80, lao^ 150, 2seo, FFFF, 6 M, 15 M, 
30 M. It should be complete in about six hours. 
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of emery have been removed. It may be done either on an iron 
plate or another piece of glass. 

The final polish is given by rouge, which should be washed as 
before, that which settles in the first five minutes being rejected, 
and that which settles in the next half hour being used (only 
one grade is wanted). For most purposes a piece of broadcloth 
cemented on the tool used for the grinding may be used instead 
of the pitch. In the case of a large telescope mirror the rouge 
is applied by a pitch polisher. The pitch is melted and pouVed 
on a block of iron or glass, or other convenient support, and 
when partly cold is pressed on the glass that is to be polished so 
as to mould it to the shape of the glass. Then with a piece of 
wood a series of grooves from Y ¥' ^P^rt (according to the 
size of the surface to be polished) are made in it parallel to one 
another, and a second series of similar grooves cutting the first 
at right angles ; thus cutting up the surface of the pitch into a 
series of small square facets. The pitch is again pressed against 
the surface to be polished so as to remove the ridges which have 
been produced by the grooving, and left on the glass under 
pressure to cool. If it still is not quite right it will become so in 
a few days, or it may be softened by holding in front of a fire, 
and so moulded more rapidly. 

The rouge is used with only a little water, rubbing hard and 
fairly quickly, and in about five minutes a polish will begin to 
come, and be completed in another five minutes. It is now that 
any scratches caused by want of care in removing all traces of the 
previous grade of emery in each stage of the grinding will show up. 
Except that they slightly scatter the light, scratches are not of serious 
importance optically. It is generally of much greater importance 
that the surface shall be truly flat or spherical, as the case may be. 

387. Some very full directions for grinding and polishing and 
testing a telescope mirror were given in Amateur Work^ 1886-7, by 
E. A. Francis, to which reference should be made by any one who 
wishes to attempt any grinding of this kind. In addition to the 
information there given, the following hints will be useful. 

Fix the bench, tub, or other support fii-mly to the floor. 

When cementing the glasses heat well in an oven, and have the 
ditch perfectly fluid. Avoid touching them while hot with any cold metal 
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Make gauges very carefully out of zinc, grinding them together 
with emery. 

Use -silver sand and water for roughing out (not emery), then 
follow with 6o and 90 hole emery.^ Get about a pound of each, and a 
pound of flour emery from Oakey, Wellington Mills, Westminster. 
(Penny packets of flour emery from an oil shop will do, however.) 

After roughing out, true up with flour emery completely before 
proceeding with the washed emeries. 

Mix the flour -(and washed) emeries into a paste with water— not 
too much water — ^and use at least six ‘ wets ^ of each grade. 

After trueing, the mirror should appear evenly grained all over, 
and have few, if any, pits. During fining it should appear, w'hen held 
obliquely to the light, beautifully polished all over. Bring the fining 
to as high a state as possible. Examine the surface by transmitted 
light, with a microscope using b. objective. 

Try and keep a true spherical curve (not a parabolic one) during 
the fining. Use J stroke with a slight side stroke. 

In constructing the polisher, use best black pitch thoroughly liquid. 
Warm the tool in the oven, and pour the pitch on from the centre 
slowly in a spiral direction to the edge, continuously and evenly- The 
piece of wood to form the grooves should be cut carefully, and be 
curved to fit the tool. 

In the first stage of polishing use the same stroke as above. Test 
it as soon as it is at all bright (in say half an hour). Test every ten 
minutes afterwards. 

If the curve is an oblate spheroid use slightly longer strokes until 
it becomes spherical. 

If the curve becomes hyperbolic you must return to the fine 
grinding and use a short stroke. 

When the polish is complete, to get parabolic curve, use a long 
stroke for about ten minutes. Then silver it and test it in the telescope. 

388. To drill Glass. — An ordinary drill left “glass-hard” (i.e, not 
tempered) will drill glass if used with turpentine.^ Care is required 
just as the drill is coming through, or the glass may be split; 
otherwise there is no difficulty* 

Large holes can be drilled with a copper tube of the diameter 
required, fed with emery, using either water or turpentine, The 
tube should be set up in a vertical position, and supported near 

iQr carborundum, see footnote p. 494. 

2 Packets of suitable drills, known as watch drills, at 6d. a dossen, can be 
obtained from Grimshaw & Baxter, Goswell Road, Clerkenwell, the packets 
containing Nos. 12 to 24 are most useful. 
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the top and bottom by passing through holes in two pieces of 
wood. A lump of lead should be fixed to the top to press it on 
the glass, and then the tube may be rotated by passing a long 
piece of string round it once and pulling the ends alternately. 

Glass may be turned with a steel tool moistened with tur- 
pentine, or with a diamond. The edges of lenses can be easily 
turned in this way. 

389. Cements. — Glass is cemented to the chuck with shellac, or 
with a mixture made by melting 2 oz. orange shellac and adding 
a teaspoonful of oil of cassia. 

A cement that will stand carbon-bisulphide can be made by 
dissolving eight parts of glue in one part of treacle. It is heated 
and applied hot to the glass, which must also be hot. 

A cement that will join brass and glass is made by melting 
together five parts of resin, one part of red ochre, and one part of 
beeswax. It may be cast into sticks. It is sometimes called 
Electrical cement. 

Canada balsam is mostly used for cementing glass together. 
It can be put in a glass syringe. It can then be warmed and a 
little forced out on to the glass. Keep the glass afterwards for at 
least an hour at a temperature of 200® F. 

390. Blacks. — A dead black can be made by grinding up 
vegetable black dry in a mortar, or on a glass plate. Mix up with 
enough lacquer to form a paste. Put in a bottle and add methy- 
lated spirit. Filter through some very fine cotton gauze. 

A dead black bronze for brass; mix 3 oz, Cu., oz: silver 
nitrate, and 2 pints of nitric acid. Clean the brass, warm it, dip 
it until effervescence stops, burn it off, cool, and rub it with oil 

Photographic black is often useful. 

391. To sliver GHass. — Prepare the following two solutions in 
separate bottles ; 

Bolutiou A. 

Silver nitrate, 5 grams ; 

Distilled water, 40 cubic centimetres. 

Dissolve the silver nitrate in the above quantity of water. Add 
ammonia slowly, a precipitate will be formed; continue to add 
ammonia until this precipitate ia nearly dissolved. The solution 
should still be a little muddy. 
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Dilute to 500 C.C. with distilled water, and filter. 

Solution B. 

Silver nitrate, i gram ; 

Rochelle salt, -83 gram ; 

Distilled water, 500 cx. 

Bring this to the boil, and filter it while hot. It must be 
allowed to cool before use. 

The solutions can be kept for a long time in the dark in stop- 
pered bottles. 

In silvering use equal parts of A and B. 

The glass to be silvered must be very thoroughly cleansed with 
nitric acid, water, strong sodium hydrate, and water alternately, 
until on wetting and allowing the water to drain off it does so 
without any sign of greasiness, leaving a uniform film of water on 
the glass. The vessel in which the silvering is to be done must 
also be thoroughly clean. The glass should be supported face 
downwards ; it can be cemented to any convenient support with 
pitch, or it may be supported at the edges on two or three slanting 
glass rods. It must be kept with its face immersed in distilled 
water after being cleaned until the last moment. Then, having 
poured equal quantities of A and B into the silvering dish and 
mixed them with a clean glass rod, the glass is to be carefully trans- 
ferred to the silvering bath, so that its face is just immersed. 
Care must be taken to avoid air bubbles by holding the face 
slightly inclined to the horizon while it is being lowered into the 
solution. If a thick deposit is required, it can be transferred at 
the end of about twenty minutes to a second silver bath mixed up 
in another dish. 

392. Alternative Method. — Make up the following solutions which 
will be sufficient for a mirror about six inches in diameter : 

^ / Nitrate of silver, 50 gr. in 2 02. water. 

’ I Potash, - - 50 gr. in 2 oz. „ 

D, Glucose (pure),- 20 gr, in 2 02. „ 

C. Add ammonia carefully to the silver solution until the pre- 

cipitate is just dissolved. Add a few drops more silver nitrate 
solution to make a slight brownish precipitate. 

Add about a third of the potash solution, and just clear witli 
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ammonia. Add another third of the potash solution and again 
clear. Then add the last third and again clear. Add a few drops 
of silver nitrate until the liquid is a brownish yellow. 

To use it put half the solution C, so made, into the silvering 
dish ; put enough distilled water to make up the bath ; add half 
the reducing solution D, stir it, and immerse the mirror in it. 
Then pour the other half of C into the dish of distilled water the 
mirror has been standing in, and when the silvering in the first 
bath is complete (in about 20 minutes), put the rest of the reduc- 
ing solution in the second bath, stir it, and transfer the mirror to 
it. When the silvering in the second bath is complete (shown by 
the bath becoming brown and turbid), take the mirror out, rinse it 
gently under the tap for about a quarter of an hour, and stand it 
up to dry for about a day in a clean place. 

393. To silver Brass. — Clcaln the brass thoroughly-^it- may be 
rubbed in parallel lines with very fine emery cloth, theh cleaned 
with whiting or washed with salt brine. Dissolve some crystals 
of silver-nitrate in distilled water, and precipitate with an aqueous 
solution of common salt. Filter and wash the silver chloride 
precipitate so obtained with water. Mix the washed precipitate 
with an equal quantity of cream of tartar and enough water to 
form a paste. Rub the paste well on to the brass. Wash it and 
dry it gently with a soft cloth. To get a better coat it may be 
again rubbed with the paste and washed. Dry it carefully, warm 
it, and lacquer it with colourless lacquer. This treament is very 
suitable for the scale and vernier of a spectrometer, etc. 
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Practical Notes on Working Mica and Selenite, 

394. A piece of mica should be selected as transparent as pos- 
sible and free from striae. To split it, a long fine needle will be 
required to start the split. A very fine needle is necessary, which 
should be mounted in the end of a pen-holder (as the needles of 
botanists are mounted). It may be split under water. It is best 
to always split the piece of mica in equal thicknesses ; that is to 
say, it is best to insert the needle in the middle of the thickness, 
so as, from the original, to produce two pieces each of half the 
thickness, then to halve the thickness of one of these pieces, and 
so on. When the thickness gets very small the finest needle will 
be necessary to start the split, and it should be inserted at the 
middle of one side. This needle should be pushed lengthwise 
right across the film. It may then be worked gradually to each 
extremity in turn. 

The cleavage must be carefully watched, by observing the 
appearance of the Newton's rings at the line where the separation 
is occurring. As long as these rings remain unbroken, it is pro- 
ceeding well, but if at any point the rings become broken or 
displaced it shows that the thickness is suddenly changing there, 
and if possible the cleavage should be worked round that point 
from the unbroken part of the ring. In this way, sometimes it 
may be possible to reach that poir\t from another side, and avoid 
the change of thickness which would otherwise have occurred. 
When the film begins to get thin, it may be examined under the 
polariscope to see if the thickness is uniform. 

After several trials, it may be possible to obtain pieces that are 
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approximately !•, or ^ wave thickness. Such pieces should be 
carefully laid aside. 

Pieces of odd thicknesses may be used to form geometrical 
designs. 

Before splitting into thin pieces, in fact as soon as colours can 
be seen, each piece should be placed under the polariscope and 
turned to the position in which it has no effect upon the light, 
which can be found fairly accurately ; then make a scratch upon 
the film parallel to one of the sides of the instrument, so that 
the scratch is either parallel or perpendicular to the line joining 
the optic axes. 

If convergent light is available, the position of the optic axes 
can be more accurately obtained with its assistance. Turn the 
film until the brush is rectangular and its arms parallel to the base 
of the instrument, and make the scratch as before. But the former 
method is sufficiently accurate for ordinary purposes. 

Each piece as it is split off should then be laid on the scratched 
piece, so that the scratch is seen through, and the scratch repeated 
upon it, so that all the pieces shall be similarly scratched. 

395. Fox Wedgre. — If an eighth-wave plate can be split off, a Fox 
wedge ” can be made. It will be a very thin sheet, about -02 mm. 
thick. The sheet must be cut into strips all of the same width 
(about I"), and of lengths varying from to about 2", each length 
being I" longer than the preceding one. These strips must be all 
cut from one film, with their lengths parallel to one another^ and it 
is advisable to mark them before commencing to cut them. Their 
length should make an angle of 45** with the scratch. 

These pieces are then to be mounted like a flight of steps, 
commencing at the largest one, on a piece of glass with Canada 
balsam, and a piece of micro-cover glass is to be put over the 
whole. If any difficulty is found in keeping them in place while 
they are being built up, they may all be put into position with a 
little gum on the edge A, but if so, a very small amount of gum 
must be used, as the part over which the gum spreads is almost 
opaque when finished. 

When all are mounted, they may be warmed up and placed on 
a glass slip and a pool of balsam applied to one edge \ it will be 
drawi in by capillary attraction. Any air bubbles that remain 
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must be squeezed out. Use plenty of balsam, as it can be easily 
removed afterwards. Make a big pool of balsam on the top, and 
place the cover glass on. A little pressure must be applied either 
by a weight or by a bent wire spring, and the whole left to dry for 
several daj^s. A water bath will assist this. When thoroughly 
dry, the excess of balsam may be cleared off. 

396. Geometrical Desiffas. — Simple geometrical designs of triangles, 
etc., may easily be constructed of pieces of mica of odd thicknesses. 

In constructing these, care must be taken that all the pieces 
,are put together with the scratches that were made upon them 
parallel to one another. The designs should not be too large, as 
if more than 1 ' or ij" diameter it will be difficult to project or 
examine them with any but very large nicols. 

397. Poiariscope. — A convenient instrument for the examination 
and construction of these designs is easily made by placing a few 



pieces of plane glass (such as old quarter-plate negatives from 
which the films have been removed) at the bottom of a box 
with a slanting front of clear glass, making an angle of 37’ 
with the base, and a similar slanting back of ground glass. 

There should be a ledge at the bottom in front on which the 
design to be examined may rest. An arm of bent wire or thin 
sheet brass should stand up from the top of the box, to which a 
short tube carrying a nicol prism is soldered, the prism . being on 
a line perpendicular to the centre of the front glass plate. By 
placing this in front of a window or a lamp, the light reflected 
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from the pile of plates ” in the bottom of the box will be received 
by the nicol prism at the polarising angle, and the centre of the 
field can be extinguished by rotating the nicol. It will he 
observed that the extinction is only complete for a very short 
distance from the centre. The design to be examined, therefore, 
should be placed in this part of the field, and must not be very 
large. By attaching the arm which is to carry the nicol to the 
upper surface of the box free play is given for manipulating 
the films. 

Two lines marked on the sides of the box parallel to the 
base, will be useful in making the scratch on the film to denote 
the position of its axis. 

398. Selenite or Mica Desig:ns. — A very simple and effective design 
consists of a triangle ABC, in which a second triangle of half the 
size, DEF, is fitted, followed by a third triangle GHK, and perhaps 
a fourth. Each triangle must have the scratch upon it in the 
same direction ; if they are cut out of the one piece, and if the 
triangle DEF was originally in the dotted position E'F', and 
GHK in the dotted position G'H'K', this will necessarily be 




the case. The scratch upon the film indicates the position of 
the film when it has no effect upon the light {ue. if it is either 
parallel or perpendicular to the line joining the optic axis) ; it 
should, therefore, in their designs make an angle of 45’ with the 
base BC, so that when the triangle is viewed it may be vertical. 

Another equally effective design is a hexagon ABCDEF formed 
by three rectangles BCEF, ABDE, CDFA, each rectangle being 
cut out in the proper direction, and mounted upon one another 
to construct the hexagon. 'Phey are most easily cut by drawing 
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the hexagon on paper, placing the film on the paper, and marking 
them out one by one. ‘ 

This may be made more elaborate by adding films cut to the 
shape of the two triangles ACE and BDF. In the same way 
an octagon may be constructed of rectangles. 

These designs may be complicated at will, and any geometrical 
patterns may be built up. 

As a rule the designs when finished are too thin to show good 
colours. If a greater thickness of mica is used, its want of 
transparency spoils the effect, and it is better to increase the 
thickness by adding a film of selenite. This can be mounted 
separately, and one or two flat films will do for all the designs. 

Special endeavours should be made to procure mica films of 
exactly and i wave thickness. The thickness may be found 
approximately by examining the films in the doubler ” both with 
the white light and the sodium flame, as already described on 
page 457, and may be further tested by the more elaborate methods 
given on pages 483 and 484. 

In splitting the mica it will frequently happen that the thickness 
will vary firom one part to another. If this is the case, the film 
should be laid on the instrument and examined by polarised light, 
then a scratch can be made round the parts which are the same 
thickness, so that in using the films for designs, parts where the 
thickness varies may be avoided. 

A design like that of the hexagon described, which will not be 
symmetrical unless the three rectangles are of the same thickness, 
must have those rectangles cut all from one piece. The two 
triangles superimposed on them must be the same thickness as 
one another, but need not be the same thickness as the rectangles. 

The triangular design first described may be constructed of 
films of unequal thickness. 

The best results as regards colour will generally be produced 
if these films are all about one-eighth wave thickness, and an 
additional thickness of three waves is added by a selenite. If any 
difficulty is experienced in splitting a plate of selenite large enough, 
it may be mentioned that the selenite will be equally effective if 
placed against the lower surface of the nicol prism, and then it 
need not have a diameter greater than 
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I prefer to keep the selenite separate from the design, as then 
by using a variety of selenites a number of colours can be produced 
from a single design. 

399. To split Seleziite. — To split a large film of selenite is not at all 
an easy task. It is necessary, in the first place, to obtain a very 
good specimen, for there is a great difference in the ease with 
which different specimens will split. To start the split a very 
sharp blade of steel, such as a doctor’s lancet, is needed; a 
sewing needle is not fine enough, though perhaps if a needle were 
ground flat at opposite sides to make it into a thin pointed blade, 
it might do. This must be inserted a very short distance or the 
selenite will crack. The split so started will be nearly circular in 
shape, the outline being easily seen by observing the 
Newton’s rings in reflected light. To continue it, use 
pieces of hard, good, thin notepaper, cut to the shape 
shown in Fig. 404. The pointed end of the paper is 
to be inserted in the split caused by the steel blade, 
which may often be removed before the paper is 
inserted, though sometimes it is necessary to put it 
in first. The paper must be pushed in as far as it 
will go, and then by rotating it about the point in 
a counter-clockwise direction the split will easily be continued. 

The appearance of the Newton’s rings must be carefully watched 
and sudden breaks avoided, as explained in the case of the 
mica film. 

The greatest difficulty usually occurs round the edges, as the 
cut edge of the selenite is nearly always blurred. When the paper 
gets crinkled it must be replaced by a new one. Several sizes of 
paper cut to the same shape will be useful. 

Only experience can show the best method of using these, and 
many pieces will probably be spoilt before a good film is split. 
The surface will appear very scratched, as selenite is very soft, 
and even paper is hard enough to scratch it ; but these scratches 
will quite disappear when the film is mounted with Canada balsam. 
By this method, I have succeeded in splitting films an inch and 
a half in diameter showing brilliant colour. 

The film once split off may be cut to a convenient size— circular, 
I prefer — and mounted between two circular discs of glass with 
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Canada balsam ; the glass must be optically worked, spectacle 
‘‘flats" will do, and can be procured ground to a circular shape 
very cheaply. 

The films should finally be mounted in brass rings, as they will 
then be much less likely to be broken. Or better still, they may 
be mounted between a circular piece of patent plate and a micro- 
cover glass. The brass rings will then not be required. All the 
designs of mica and selenite should be mounted on glass circles 
of uniform size (which will cost very little), and they will be much 
more convenient for use. 
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Light Sources. 

400. Salt Flames. — A very simple and effective way of producing 
flames of the ordinary salts (lithium, sodium, potassium, etc.) is 
to allow the spray produced in a rapid electrolysis to mingle with 
the flame. A glass tube about diameter has two platinum 
wires sealed through one end which is closed. A side tube is 
sealed on of such a size that it fits into the mouth of a Bunsen 



burner, which is placed horizontally. A solution of the salt is 
put in the bottom of the tube, and decomposed rapidly with an 
electric current. The gas is turned on and lighted as it issues 
from the top of the glass vessel. A fairly strong, steady light can 
be produced in this way, and will last for a very long time. 

See also § 197. 

401. Merouxy Lamp. — It is very little use to make a mercury lamp 
of glass, as it almost always cracks after a few hours’ work, and 
although the first cost is large, one made of fused quartz should 
be got if possible. 

A simple form of quartz lamp is shown in the figure. SS^ is 
the quartz tube with projections A and B, through which wires 
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pass into small quantities of mercury. I'hin black copper vanes 
surround the tube at each end, by which it is air-cooled. 

The water-cooled lamp shown is about the best glass one. To 
a tube SS with flat end are joined side tubes A, B, which are 
filled with mercury. A thick platinum wire passes through the 
bottom of each of these into a reservoir also containing mercury. 



The terminals are passed into these reservoirs. The whole lamp 
is enclosed in a metal box through which water is kept circulating. 
The lamp takes a current of 5 to 10 amperes, and the arc is 
started by shaking a drop of mercury across from A to B. The 
light issues from the ends of the tube S. If the lamp is made of 
quartz, it may be made the same shape, but the reservoirs may be 
omitted, and some leaves of blackened copper put round the 
tube S to air-cool the lamp in place of the water circulation. 



In using a Quartz Mercury Lamp it is most important to avoid looMng 
at the Light directly. — Even a minute’s exposure to the ultra-violet 
light given off would cause severe inflammation of the eye, and may 
permanently damage it. A glass screen cuts it off almost entirely, 




APPENDIX 


509 


but even with a glass screen it is not well to look at it for any 
length of time. 

402. Cadmium Lamp. — Michelson’s lamp was constructed of two 
glass globes A and B, connected by a horizontal tube C. The 
current from a 5'' coil with a mercury break entered and left by 
two aluminium rings D, E, 8 mm. diameter. The wires from the 
terminals to the rings were enclosed in two tubes G and H to 
prevent the vapour condensing in the cold part outside the box. 



Some cadmium filings were put in the bulb A. The lamp is 
enclosed in a metal box, and the temperature maintained between 
200"* and 300* C. 

Instead of mercury, a cadmium amalgam containing 5 to 10 per 
cent, of cadmium may be used. The amalgam must be filtered 
hot through capillary tubes into the exhausted lamp to avoid the 
film of oxide that would prevent the formation of an arc. The 
arc can be produced between the two quantities of the amalgam, 
as in the ordinary mercury lamp. It must be heated to about 
too** C,, and fed by a current of ten amperes. It shows both the 
mercury and cadmium lines. 
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RECIPROCALS. 


(Differences 

to be subtracted.') 
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NATURAL TANGENTS. 

(In most cases it is sufficiently accurate to use the values to four figures.) 
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NATURAL TANGENTS. 

(In most cases it is sufficiently accurate to use the values to four figures.) 
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4-5864 

4-9504 

5-0045 

6-4486 

5*5020 

6-0405 

0-1066 

6-7720 

6-8548 

7-6900 

7*8062 

8-0162 

9*0679 

10-579 

10-780 

12 - 9 tr 0 

18-800 

16-882 

17-848 

28-859 

1 24-808 

40-917 

44*060 

148*24 

100-08 


•8 

•9 

= 48 '. 

= 54 '. 


1-0283 1-0319 

1-0649 1-0686 
1-1028 1-1067 
1-1423 1-1463 
1-1833 1-1875 

1-2261 1-2305 
1-2708 1-2753 
1-3174 1-3222 
1-3663 1-3713 
1-4176 1-4229 

1-4715 1-4770 
1-5282 1-6340 
1-5880 1-6941 
1 - 651-2 1-6677 
1-7182 1-7261 

1-7898 1 - 7 P 66 
1-8660 1-8728 

1 - 0468 l - it 642 

2 - 0828 2-0412 

2-1261 2-1348 

2-2261 2-2366 
2-3382 2-3446 
2-4604 2-4627 
2-5781 2-5016 
2-7179 2-7326 

2 - 8716 2-8878 

3 - 0416 8-0595 

8-2306 3-2506 

3 - 44-20 8-4040 
8-6806 8*7062 

8 - 9520 8-9812 

4 - 2636 4-2972 

4 - 0262 4-6646 

5 - 0604 5-0970 

6 - 5578 6-6140 

0-1742 6-2482 

6 - 0896 7-0204 

7 - 0168 8-0285 

9 - 2062 9-8672 

10 - 988 11-205 

18-617 18-951 ' 
17-886 18-464 
20-081 27*271 
47-740 52-081 
280*48 572-96 
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Abb4 364, 378, 387. , , ^ ^ 

Abba’s method for focal length, 63, 
185, 190. 

Aberrations, Cooefficients of 
of compound lens, 21 1. 

Aberrations 

of condenser, 235. 
of mirror, 227-233. 
effect of thickness, 237. 

Abney, 389, 403, 404. 

Absorption, 401, 420, 422, 
Accommodation, 440. 

Airy, 349- 

Ali^ment of lens components, 227. 
Analysis of light, 317. 

Angle of prism, il, 124. 

nearly parallel glass, 35. 

Annealing, Test of, 478. 

Anomalous dispersion, 151. 
Apertometer, 378 
Aperture, 340, 365, 373, 378. 
Aplanatic foci, 235, 239. 

Asj^rsivity, 146. 

Astigmatism, 21 1, 214, 443. 
Astronomical telescope, 91. See 
Telescope. 

Beck, 2 i8. 

Biplate, 272, 287. 

Biprism, 262, 271, 272. 

Biquartz, 462. 

Krch, 97. 

Blacks, Optical, 497. 

Blakesley, 186, 193. 

Blind spot, 430. 

Brace, 422. 

Brass, Silvering, 499, 

Brewster, 145, 303, 451. 

Brodhun, 392. ^ 

Brushes, Rings and, 472. 

Butler, 301. 


Cadmium lamp, 509. 

Cassegrain, m. 

Cauchy, 131- 

Caustic by refraction, 13* 
reflection, 15. 

Cements, 497- 

Chalmers, 218. 

Cheshire, 192, 373* 

Chromatic aberration, 21 1, 221, 

437- 

Circular aperture, 340. 
disc, 342. 

Clay, 136, 181. 

Collimator, 109, 117, 219. 
method, 1 91. 

Collodion, 446. 

Colour box, Maxwell’s, 418. 
vision, 445. 

Coloured films, 446. 
glass, 399> 413- 
pigments, 399, 412- 

Coma, 2H, 217. 

Concave grating, 255. 
mirror, 15, 45, 7i» i^>9i 227. 
lens. See Lens. 

Condenser, 235, 384. 

Conical refraction, 479. 

Conjugate foci, X82. 

Constant deviation, roj, 427, 

Convergent polarised light, 472. 

Convex lens. See Lens, 
mirror, 14, 44, 76. 
surface, 17. 

Cornu, 159, 347- 

Critical angle, 28, 31. 

Refractive index by, 31, 131, 

X36. 

Crystals, 472. 

Curvature, 21 1, 214. 

Centre of, 46. 

Cylindrical lens, 19, 
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Density, Photographic, 393. 
Deviation, Mirror of fixed, 105. 

Prism of fixed, 427. 
of prism, 9, 125. 

Differential photometers, 424. 
prism, 134. 

spectrophotometers, 424. 
Diffraction, 244, 260, 266, 335, 370. 
Discs, Circular opaque, 342. 

Maxwell’s, 414. 

Dispersion, Anomalous, 151. 

of prism, 146, 152. 

Dispersive power, 146, 
of lens, 1 66. 

Distortion, 21 1, 214. 

Double edge, 337. 
refraction, 452. 

-image prism, 404. 

Doubler, Norremberg, 449. 

Driffield, 394. 

Echelon, 356. 

Edser, 301. 

Elliptic polarisation, 484. 

Elalon, 319. 

Extraordinary ray, 458. 

Eye, 430. 

Curve of sensitiveness, 415. 
Resolving power, 350. 

Sensation curves of, 418. 

Eye-piece, Aberration of, 239. 
Erecting, 242. 

Focal length, 192. 

Fabry and Perot, 314, 317* 3 I 9 > Wt 
360. 

Feussner, 439, 460. 

Fiaeau, 156. 

Flicker photometer, 428. 

Focal length, 176, 188. 
compound lens, X76, 183, 196. 
eye-piece, 192. 

See Graphical methods, 
lens, 58-71. 

lines, 20, 22, 169, 171. 
micro-objective, 190. 
mirror, 71-85. 

Focus, Principal, 19, 195, 

Forbes, 106, 159. 

Fovea centralis, 436. 

Formulae for compound lens, 174, 197, 
209. 

Foucault, 159, 237, 

Fox wedge, 454, 455, 466, 501. 


Fresnell, 271, 280. 

Fusible-metal cast of lens, 79. 

Galileo, 92. * 

Gauss points, 175, 178, 210, 377. 
Gians, 460. 

Glass cements, 497. 
cutting, 493. 
drilling, 496. 
grinding, 493. 
plates, 413. 
polishing, 494. 
silvering, 497. 

Glazebrook, 420. 

Graphic method compound lens, 194- 
202; 

mirror, 73, 78. 
lens, 60, 67. 
thick lens, 202-209. 

Grating, Concave, 255. 

Diffraction, 247, 370. 

Echelon, 356. 

Resolving powei* of, 352. 

Gregory, in. 

Half-wave plate, 457. 

Plallwachs, 134. 

Hamilton, 479. 

Plardy, 83. 

Hartnach, 460. 

PIelmholt2, 83. 

Herschel, 266. 

Hockin, 365. 

Horizon, Artificial, 102. 

HUrter, 394, 397. 

Huygens, 343. 

Iceland spar, 452, 458, 467. 

Illusion, Optical, 46, 

Images, 439, 

Drawing, 176, 378. 
in lens, 41, 42, 199. 

Index error, 59. 

Interference, 25S, 298. 

fringes, position of, 332. 
Interferometers, 314, 320 324. 

Tamin, 3 «P, 459 - 
Jones, Chapman, 397. 

Kohlrausch, 131. 

Landolt, 466. 

Laurent, 464. 

Laws of reflection, 1. 
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Laws of refraction, 6. 

Lens, Aberrations of, 21 1, 237. 
Annealing of, 478. 

Change of power of, 85, 143. 
Compound, 175-2 10. 

Concave, 41. 

Convex, 42. 

Dispersion of, 166. 

Focal length of, 58-71. 

Focal lines of, 17 1. 
gauge, tangent, 97. 
holder, 53.^ 

Refractive index of, 164. 
separating different media, 186. 
Lippich, 466. 

Light source, 270, 507. 

Lloyd, 265, 271, 278. 

Lodge, 322. 

Long sight, 442. 

Lovibond, 399. 

Luminosity curves, 403. 
of pigment, 412. 
of spectrum, 410. 

Lummer, 360, 392. 

Magnification, 85, 205, 
of microscope, 361. . 
of telescope, 95. 
methods, 184. 

Map a spectrum. To, 128. 
Maxwell, 414, 418. 

Mercury lamp, 508. 

Mica, 297, 500. 

Michelson, 161, 324, 332, 356. 
Microscope, 92, 361. 
aberration, 383. 
aperture, 365. 
magnification, 361. 
relief, 385. 

resolvi]^ l^wer, 367. 
Micro-objective aberration, 213. 
construction, 239. 
focal length, 190. 

Minimum deviation, 126, 249. 
Milner, 305. 

Mirror, Concave, 15, 45. 

Concave examination, 227. 
convex, 14, 44. 
of fixed deviation, 105. 

Focal length of, 71-85. 
Parabolic, 230. 

Plane, i, 108. 

Morgan, Prof. Lloyd, 417. 
Muscles of eye, 430. 


Nelson, 185. 

Newton, 115, 116. 

Newton’s Rings, 290, 292, 295. 

Diffusion rings, 308, 312. 

Nicol’s prism, 453. 

]^{odal points, 176, 179, 183, 208. 
slide, 180. 

Norremberg doubler, 449, 457. 
Numerical aperture, 366. 

Objective, Micro-, 190, 213, 380. 
Opacity, 393, 397 - 
Ophthalmometer, 82. 

Optic axis, 453, 467. 

Optical bench, 49, 269. 
flat, 108, III. 
illusion, 46. 
instruments, 91. 
lantern, 93. 
lever, 103. 
square, 106. 

thickness, 310, 329, 484. 

Ordinary ray, 458. 

Parabolic mirror, 230. 

Parallax, 3. 

Parallel glass, Selection of, 35. 

examination, 305, 310. 

Phase, 457. 

reversal plate, 345. 

Photographic lens, 213. 

See Compound lens. 

Photometers, 388-398. 
i^igment, Measurement <jf, 409. 

Pin experiments, i. 

Plane-mirror, i. 

of ;polansation, 451. 

Polariscope, 449, 502. 

Polarised light convergent, 472. 

elliptic, 457, 484. 

Polishing glass or metal, 494. 
Principal points, I 7 S» 1S9, 193, 195, 
207. 

Prism, Adjustment of, 123. 

Angle of, II, 124. 
of fixed deviation, 427. 

Resolving power of, 353. 

Practical hints, 493. 

Pseudoscope, 434. 

Pulfricht, 1 41, 


[uarter wave plate, 457, 50a 
luartz lamp, 508. 
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Rainbow, 24, 25, 26, 489. 

Rayleigh, no, 258, 311, 313,353,445- 
Recomposition of white light, 115. 
Reflecting gratings, 254. 

Reflection of curved surface, 14. 
laws of, I. 
in a prism, 10, 105. 

Refraction at curved surface, 17. 

Focal lines by, 20, 171. 

Laws of, 6. 
through plate, 8. 
through jDrism, 9, 112. 

Refractive index by apparent thick- 
ness, 33. 

critical angle, 28, 31. 
power of lens, 85, 143. 
of liquid, 127, 134, 136, 141, 143, 
302. 

of prism, 39, 125, 127, 
of spar or quartz, 467. 

Reinhold, 328. 

Resolving power of eye, 350, 
grating, 352. 
microscope, 367. 
prism, 353. 
telescope, 348. 

Retinoscopy, 233. 

Reversal, 147. 

Rings and brushes, 472. 

Rochon, 83. 

Rucker, 328. 

Rule of signs, 55. 

Rumford, 390. 

Saccharimcter, 462. 

Scioscopy, 233. 

Selenite, 297, 500, 505. 

Sellmeier, 15 1. 

Sensitiveness of eye, 415. 

Sensation curves of eye, 418. 

Sextant, 99. 

Short sight, 442. 

Shuster, 121, 

Silvering brass, 499, 
glass, 49S. 

Sine law, 365, 375. 

Signs, Rule of, 55. 

Sodium flame, 270. 

Spar, Iceland, 452, 458, 467. 
Spectrometer, 1x7, 262, 265* 
adjustment, 119. 

Simple, 1x8. 


Spectrophotometer, 420, 422, 424, 428. 
Spectroscope, 112. 

Spectrum, 112, 128, 146. 

To scale the, 300. 

Sphere, Refraction in, 86. 

Spherical aberration, 212, 227, 383. 
Spherometer, 291. 

Stereoscopic vision, 385, 432. 

Straight edge, Diffraction by, 335, 336. 
Stokes, 484. 

Sutcliffe, 84. 

Tables, Reciprocals, 510. 

Sines, 512. 

Tangents, 514. 

Wave lengths, 130. 

Tangent lens gauge, 97. 

Telescope adjustment, 109, 120. 
Astronomical, 91, 118. 

Diffraction in, 266. 

Galileo’s, 92. 

Resolving power, 348. 

Terrestrial, 92. 

Thick plates, 303, 305. 

• lens, 174, 186. 

Thin films, 296. 

Thorpe, 249, 255. 

Tintometer, 399. 

Tollens, 466. 

Tornoe, 134. 

Tourmaline, 453. ^ 

Velocity of light, 1 56. 

Virtual image method, 69. 

N'oung, 159. 

Wave length, 130, 244, 251, 253, 272, 
275. 3 i 7 » 346. 
plate, 457, 500. 
surface, 17. 

Wedge, Fox, 454, 455, 466, 501. 
Wenham, 386. 

Wheatstone, 434. 

White light, i x 5. 

Wire, Diffraction by narrow, 359. 

gauze, 244. 

Wollaston, 83, 133. 

Wood, 152, 344 » 345 ^ 355 - 

/Ceeman, 3x9. 

Zone plate, 343, 345. 
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